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FOREWORD 
The r epor t  w a s  prepared for t h e  U . S .  Army Aeronautical  
Research Laboratory i n  f u l f i l l m e n t  of Phase 1 of t h e  Lockheed/ 
AARL High Advance Rat io  Research Program (Contract NAS 2-5419). 
The program per iod  of performance extended from June 1969 t o  
December 1970. AAFiL program d i r e c t i o n  w a s  provided by D .  L.  





The Lockheed-California Company and t h e  U.S e Army Aeronautical  Research 
Laboratory (AARL) a r e  cu r ren t ly  conducting a research program t o  determine 
t h e  dynamic c h a r a c t e r i s t i c s  of hingeless  r o t o r  systems a t  high advance r a t i o s .  
The research i s  being conducted i n  two phases;  Phase 1 considers r o t o r s  which 
a r e  d i r e c t l y  cont ro l led  and Phase 2 r o t o r  systems which a r e  equipped 
with moment feedback cont ro ls .  Phase 1 has r ecen t ly  been completed and t h e  
r e s u l t s  a r e  discussed here in .  Phase 2 i s  present ly  being executed and w i l l  
be reported at a la ter  da te .  
I 
1 
The i n i t i a l  e f f o r t  involved t h e  f ab r i ca t ion  and t e s t i n g  of a s m a l l  s ca l e  
r o t o r  model i n  t h e  AARL 7 x 1 0  f t  wind tunnel  a t  Moffett F i e ld ,  Cal i forn ia .  
The spec i f i c  ob jec t ives  were t o  (1) experimentally determine t h e  s t a b i l i t y  
and response c h a r a c t e r i s t i c s  of d i r e c t l y  cont ro l led  r i g i d  r o t o r s  a t  
high advance r a t i o s  and ( 2 )  evaluate  t h e  a p p l i c a b i l i t y  of a n  ex i s t ing  mathe- 
mat ical  model by co r re l a t ion  with t h e  t e s t  r e s u l t s .  
i n  t h e  design of t h e  r o t o r  t o  vary t h e  blade Lock number ( y )  and t h e  f i r s t  
f lapping mode frequency (PQ) .  
of each blade. The f lapping frequency w a s  var ied  i n  two ways; by changing 
t h e  s t i f f n e s s  of an inboard sec t ion  of t h e  blade ( f lapping  f l exure )  and by 
changing t h e  r o t o r  speed. For each b lade ,  one t i p  weight and two f lexures  
were ava i l ab le  which y ie lded  four  bas i c  r o t o r  configurat ions.  Each bas ic  
configurat ion w a s  t e s t e d  a t  var ious r o t a t i o n a l  speeds. Eighteen d i s c r e e t  
combinations of y and P were inves t iga ted .  Nominal y values were 5.0 and 3.0 
and P ranged from 1 . 1 4  t o  2.39. 
up t o  1.75 ( inc luding  hover) a 
Provisions were made 
y w a s  changed by adding weight a t  t h e  t i p  
Response da ta  were taken a t  advance r a t i o s  
Rotor de r iva t ives  with respec t  t o  four  exc i t a t ions  were obtained: 
% Collect ive p i t c h ,  
Longitudinal cyc l i c  p i t c h ,  
La te ra l  cyc l i c  p i t c h  





The response included r o t o r  p i t ch ing  and r o l l i n g  moments and lift. Rotor 
coning w a s  a l s o  obtained from t h e  Fourier ana lys i s  of  t h e  f lapping moment of 
a s i n g l e  blade.  
The t e s t  da t a  i n d i c a t e  t h a t  a t  a f ixed  forward speed and r o t a t i o n a l  
frequency t h e  r o t o r  response t o  t h e  four  e x c i t a t i o n s  i s  l i n e a r .  
angles were appl ied t o  avoid blade s t a l l .  ) 
not l i n e a r  functions of advance r a t i o .  I n  general  they increase with 
increasing advance r a t i o .  Derivatives with r e spec t  t o  0 0 and a gene ra l ly  
exh ib i t  t h e  same c h a r a c t e r i s t i c s .  The magnitudes are d i f f e r e n t  bu t  t h e  
gradients  of change with P a r e  similar.  The r o t o r  responds somewhat d i f f e r -  
e n t l y  t o  l a t e r a l  c y c l i c  p i t ch .  The r e s u l t i n g  r o t o r  moment increases  only 
s l i g h t l y  with advance r a t i o .  I n  f a c t  t h e  r o l l i n g  moment de r iva t ive  remains 
constant or decreases with increased p .  Rotor l i f t  w a s  found t o  be inde- 
pendent of 0 a t  a l l  advance r a t i o s .  
(Moderate 
The de r iva t ives  , however, are 
0 ,  s 
C 
The s t a b i l i t y  of s e v e r a l  r o t o r  configurations (def ined by y and P )  
w a s  examined a t  advance r a t i o s  as high as 2.15. No c l a s s i c a l  i nd ica t ions  
of an approaching f lapping i n s t a b i l i t y  were observed. This i s  a t t r i b u t e d  t o  
t h e  high apparent s t i f f n e s s  ( P )  of t h e  r o t o r  a t  t h e  r o t a t i o n a l  speeds where 
t h e  high P-values were achieved. A s p l i t t i n g  of t h e  t i p  path plane w a s  
observed at a r o t o r  speed of 800 RPM with 1-I > 0.80.  
caused by a half-per-rev o s c i l l a t i o n  nor can it be a t t r i b u t e d  t o  unstable  
p i t ch ing  moments caused by t ransonic  blade t i p  Mach numbers. 
The phenomenon w a s  not 
The acqu i s i t i on  of good t e s t  da t a  f a c i l i t a t e d  t h e  evaluat ion of an e x i s t -  
ing mathematical model. The t h e o r e t i c a l  approach i s  documented i n  two p r i o r  
American Helicopter Society Journal  papers (References 1 and 2 )  and summarized 
i n  Appendix A .  The r o t o r  blade i s  assumed.to be r i g i d  i n  f lapping and e l a s t i c  
i n  t o r s i o n .  Iiypothetical f lapping and t o r s i o n a l  r e s t r a i n t s  are se l ec t ed  t o  
simulate t h e  f irst  f lapping and f i r s t  t o r s i o n  mode n a t u r a l  frequencies.  With 
t h e  exception of t h e  damping of blade t o r s i o n ,  steady s ta te  aerodynamic theory 
i s  used. Compressibil i ty and s t a l l  e f f e c t s  are ignored. The reversed flow 
region i s  t o t a l l y  accounted f o r  and t h e  theory i s  v a l i d  f o r  a l l  advance 
r a t i o s .  
iv 
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The predic ted  r o t o r  response genera l ly  c o r r e l a t e s  s a t i s f a c t o r i l y  with 
t h e  t e s t  r e s u l t s .  The agreement i s  p a r t i c u l a r i l y  good f o r  t h e  t e s t e d  r o t o r s  
having t h e  s o f t e r  of t he  two f lapping  f l exures .  For these  configurat ions most 
of t h e  blade f l a p  bending occurs c lose  t o  t h e  center  of r o t a t i o n  and t h e  
assumed l i n e a r  mode shape approximates t h e  e l a s t i c  bending adequately.  For 
t h e  s t i f f e r  f l e x u r e ,  bending occurs f a r t h e r  outboard and t h e  co r re l a t ion  
d e t e r i o r a t e s  somewhat. The implicat ion i s  t h a t  t h e  mathematical model may be  
improved by r ep lac ing  r i g i d  f lapping  by t h e  f i r s t  f l a p  bending e l a s t i c  mode 
shape a 
The good agreement between theory and t e s t  r e s u l t s  allows seve ra l  
add i t iona l  conclusions t o  be drawn concerning r o t o r  response. An increase  
i n  t h e  f lapping  frequency parameter P reduces both t h e  magnitude of f lapping  
motion and t h e  phase angle  of response t o  an e x c i t a t i o n ,  Likewise, a decrease 
i n  t h e  Lock number y produces a corresponding reduct ion i n  t h e  amplitude of 
response. F ina l ly  both theory and t e s t  d a t a  confirm t h a t  high blade t o r s i o n a l  
s t i f f n e s s  reduces t h e  involvement of t o r s i o n  i n  the  f lapping  motion a t  high 
advance r a t i o s .  
Theore t ica l  r o t o r  s t a b i l i t y  i s  ca l cu la t ed  by matr ix  Floquet theory.  
The r e s u l t s  do not d i sagree  with t h e  t e s t  da ta .  That i s ,  no ind ica t ions  of 
an approaching i n s t a b i l i t y  were observed or predic ted  wi th in  the  t e s t e d  
advance r a t i o  range. 
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Rotor P i t ch  and R o l l  Response t o  Latera l  Cyclic P i t ch ,  
Configuration 3, 400 RPM ('Y=5.0, P=2.32) 
Rotor P i t ch  and R o l l  Response to Late ra l  Cyclic P i t ch ,  
Configuration 3, 650 RPM ('Y=5.0, P=1.73) 
Rotor P i tch  Response to Latera l  Cyclic P i t ch ,  Config- 
u ra t ion  3, 800 RPM ('Y=5.0, P=1.55) 
Rotor Roll  Response to Late ra l  Cyclic P i t ch ,  Config- 
u ra t ion  3, 800 RPM ('Y=5.0, P=1.55) 
Rotor P i t ch  and R o l l  Response to a Rotor S h a f t  Angle of 
Attack Increment, Configuration 3, 400 RPM (3/=5.0, P=2.32) 
Rotor P i t ch  and R o l l  Response t o  a Rotor S h a f t  Angle of 
Attack Increment, Configuration 3, 650 RPM (3/=5.0, P=1.73) 
Rotor P i tch  and Roll  Response t o  a Rotor Shaft  Angle of 
Attack Increment, Configuration 3, 800 RPM, ('Y=5.0, P=1.55) 
Rotor L i f t  versus Col lec t ive  P i t ch ,  Configuration 3, 
400 RPM ('Y=5.0, P=2.32) 
Rotor L i f t  versus Col lec t ive  P i tch ,  Configuration 3, 
650 RPM and 800 RPM 
Rotor L i f t  
u r a t ion  3, 
Rotor L i f t  
u r a t ion  3, 
Rotor L i f t  
u r a t ion  3, 
Rotor L i f t  
u r a t ion  3, 
versus Longitudinal Cyclic P i t ch ,  Config- 
400 RPM ('Y=5.0, P=2.32) 
versus  Longitudinal Cyclic P i tch ,  Config- 
650 RPM and 800 RPM 
versus Rotor Shaft  Angle of Attack, Config- 
400 RPM ('Y=5.0, P S . 3 2  ) 
versus Rotor Shaft  Angle of Attack, Config- 
650 RPM and 800 RPM 
Rotor P i t ch  and Roll  Response t o  Col lec t ive  P i tch ,  
Configuration 4, 600 RPM (Y=3.0, P=1.51) 
Rotor Pitc'h and Roll  Response t o  Col lec t ive  Pitc'h, 
Configuration 4, 750 RPM ('Y=3.0, P=1.40) 
Rotor P i t c h  Response t o  Longitudinal Cyclic P i tch ,  
Configuration 4, 600 RPM (r=3.0, ~=1 .51)  
Rotor Roll Response t o  Longitudinal Cyclic P i tch ,  
Configuration 4, 600 RPM ('Y=3.0, P=1.5l) 
Rotor R o l l  Response t o  Longitudinal Cyclic P i tch ,  
Configuration 4, 750 RPM (Y=3.0, P=1,40) 
Rotor R o l l  Response to Longitudinal Cyclic P i t ch ,  










































Rotor P i tch  and Rol l  Response to Latera l  Cyclic P i tch ,  
Configuration 4, 600 RPM (?=3.0, P=1.51) 
Rotor P i t c h  Response t o  Latera l  Cyclic P i tch ,  Config- 
u r a t i o n  4, 750 RPM (?=3.0, P=l,hO) 
Rotor Roll  Response t o  Latera l  Cyclic P i tch ,  Config- 
ura t ion  4, 750 RPM (7=3.O,  P=1.40) 
Rotor P i tch  and Roll  Response t o  a Rotor S h a f t  Angle of 
Attack Increment Configuration 4, (7=3 e 0, P=l e 51) 600 RPM 
Rotor P i t c h  and Roll  Response t o  a Rotor Shaft  Angle of 
Attack Increment , Configuration 4, 750 RPM (?=3.0, P=l  .bo) 
Rotor L i f t  versus Col lec t ive  P i tch ,  Configuration 4, 
600 RPM (Y=3.0, P=1.51) 
Rotor L i f t  versus Collect ive P i tch ,  Configuration 4, 
750 RPM ('Y=3.0, P=l .bo) 
Rotor L i f t  versus Longitudinal Cyclic P i tch ,  Config- 
ura t ion  4, 600 RPM ('Y=3.0) 
Rotor L i f t  versus Longitudinal Cyclic P i tch ,  Config- 
ura t ion  4, 750 RPM ('Y=3.0) 
Rotor L i f t  versus Rotor S h a f t  Angle of  Attack, Config- 
u r a t i o n  4, 600 RPM and 750 RPM (?=3.0) 
Steady Rotating Blade Flapping Response t o  Col lect ive 
P i tch ,  Configuration 1 (y=5.0) 
Steady Rotating Blade Flapping Response t o  Rotor Shaft  
Angle of Attack, Configuration 1 (Y=5.0) 
Steady Rotating Blade Flapping Response to Longitudinal 
Cyclic P i tch ,  Configuration 1 (Y=5 0) 
Steady Rotating Blade Flapping Response to Col lec t ive  
P i tch ,  Configuration 2 ('Y=3 .O) 
Steady Rotating Blade Flapping Response t o  Rotor S h a f t  
Angle of Attack, Configuration 2 ('Y=3.0) 
Steady Rotating Blade Flapping Response t o  Longitudinal 
Cyclic P i tch ,  Configuration 2 (7=3 e 0) 
Steady Rotating Blade Flapping Response to Col lec t ive  
P i tch ,  Configuration 3 ('Y=5.0) 
Steady Rotating Blade Flapping Response to Rotor S h a f t  



























Steady Rotating Blade Flapping Response to Longitudinal 
Cycl ic  P i t ch ,  Configuration 3 (Y=5.O) 
Steady Rotat ing Blade Flapping Response to Col lec t ive  
P i tch ,  Configuration 4 (Y=3 - 0 )  
Steady Rotating Blade Flapping Response t o  Rotor Shaft  
Angle of Attack, Configuration 4 (Y=3.0) 
Steady Rotating Blade Flapping Response t o  Longitudinal 









The L ckheed-Calif o rn i  Company i s  cu r ren t ly  engaged i n  a research 
program with t h e  U.S. Army Aeronautical  Research Laboratory (USAARL) t o  
determine t h e  dynamic c h a r a c t e r i s t i c s  of hingeless  r o t o r s  operat ing a t  high 
advance r a t i o s  (Contract NAS 2-5819). The research i s  appl icable  f o r  
several modes of f l i g h t .  I n  r ecen t  years  compound h e l i c o p t e r s  have been 
flown a t  s t e a d i l y  inc reas ing  advance r a t i o s .  
speed research compound, XH-51A, has achieved an advance r a t i o  of 1.1% 0.70 
a t  95% of normal RPM. 
a t  high advance r a t i o s .  
of t h e  XH-5 lA by slowing t h e  r o t o r  i s  reported i n  Reference 3. Advance r a t i o s  
up t o  v % 1 . 5  are a n t i c i p a t e d  at high forward speed-reduced r o t o r  speed 
f l i g h t  conditions.  Advance r a t i o s  from 0 t o  m would be t r ave r sed  during 
normal stopped r o t o r  operation. Lockheed has conducted s e v e r a l  t e s t  programs 
For example, Lockheed's high 
Slowed and stopped r o t o r  a i r c r a f t  w i l l  a l s o  operate  
An a n a l y t i c a l  study t o  expand t h e  speed c a p a b i l i t y  
t o  evaluate stopped r o t o r  configurat ions during t h e  pas t  decade. This 
research i s  a l s o  continuing under USAARL sponsorship. The current  e f f o r t  
involves t h e  t e s t i n g  of a 33 f t  diameter stopped r o t o r  model i n  t h e  40 x 80 
f t  NASA Wind Tunnel a t  Moffett F i e l d ,  Ca l i fo rn ia .  
The research program which w i l l  be  discussed i n  t h i s  r epor t  complements 
t h e  several programs mentioned above. By design t h e  program i s  comprehensive 
and i s  appl icable  i n  p r i n c i p l e  t o  high speed r o t o r  f l i g h t  and slowed and 
stopped r o t o r  veh ic l e s .  
The Lockheed/AARL High Advance Rat io  Research Program is  p resen t ly  
being conducted i n  two phases. Phase 1, Research Program t o  Determine Rotor 
Response Charac t e r i s t i c s  at High Advance Ra t ios ,  involves t h e  f a b r i c a t i o n  and 
t e s t i n g  of a small s c a l e  r o t o r  model which i s  con t ro l l ed  by means of a con- 
ven t iona l  swashplate. The s p e c i f i c  object ives  of t h e  i n i t i a l  program are t o :  
1 
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Determine, by experiment, t h e  dynamic c h a r a c t e r i s t i c s  
of r e s t r a i n e d  r o t o r s  a t  high advance r a t i o s  
Evaluate t h e  a p p l i c a b i l i t y  of a simple mathematical 
model by comparing t h e  t e s t  d a t a  with t h e o r e t i c a l  
p red ic t ions .  
Both s t a b i l i t y  and steady state r o t o r  response t o  e x t e r n a l  and con t ro l  
e x c i t a t i o n s  are of i n t e r e s t .  Provisions f o r  changing t h e  blade Lock number 
( y )  and f irst  f l a p  bending n a t u r a l  frequency ( P  Q) are suppl ied s o  t h a t  an 
a r r ay  of r o t o r  systems character ized by y and P can be examined. 
The r e s u l t s  o f  t h e  Phase 1 program are discussed i n  t h i s  r e p o r t .  The 
d e t a i l s  of t h e  design, f a b r i c a t i o n  and t e s t i n g  t h e  model a r e  described. 
The t e s t  d a t a  are nondimensionalized and compared with t h e o r e t i c a l  predic- 
t i o n s .  The mathematical model i s  f u l l y  described i n  Appendix A. 
The second phase of t h e  programg Theoret ical  and Experimental Inves t i -  
gat ion of Rotors with Moment Feedback Controls,  i s  cu r ren t ly  being executed. 
The object ives  of Phase 2 a r e  t o  
e Examine a f irst  order l a g  moment feedback con t ro l  system 
t h e o r e t i c a l l y  and determine i t s  p r a c t i c a l  operat ing l i m i t s  
Conduct wind tunnel  tes ts  t o  co l l abora t e  t h e  theory 
The mathematical desc r ip t ion  of blade f lapping i n  Appendix A w i l l  be 
coupled with appropriate  con t ro l  system equations of motion t o  perform t h e  
t h e o r e t i c a l  ana lys i s .  The Phase 1 r o t o r  model w i l l  be  equipped with an 
e l e c t r o n i c  feedback con t ro l  system and t e s t e d  at Moffett F ie ld .  Tunnel 
















l i f t  curve s lope f o r  normal flow 
l i f t  curve s lope f o r  reversed flow 
r o t o r  coning angle ,  rad 
fore-af t  r o t o r  tilt, rad 
l a t e ra l  rotor tilt, rad 
blade chord, f t  
--I 
blade t o r s i o n a l  frequency , s e c  
nondimensional fo rc ing  functions f o r  blade f lapping 
see eq A14,  A15  
po la r  mass moment of i n e r t i a  about e l a s t i c  a x i s  f o r  u n i t  length 
of blade,  lb-sec ' 2  
nondimensional l i f t  of reversed flow region,  see eq A28,A29 
and Table 8 
l i f t  
R ($1  = 
r R3i?,$$ a '  c 
nondimensional aerodynamic f lapping moment, 
f lapping moment m($) = 
4 2  R Q pac 
e 
2 
d i s t ance  of r o t o r  blade element from cen te r  of r o t a t i o n ,  x = r/R 
t i p  l o s s  f a c t o r ,  assumed t o  be 0.97 
blade loading c o e f f i c i e n t ;  CT - r o t o r  l i f t  - 
0 
lTR2p (QR) 26 
3 
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nondimensional damping coefficient for flapping, see eq Al5 
nondimensional aerodynamic damping of blade torsion, see eq A23 
nondimensional aerodynamic damping of blade feathering 
(excluding torsion) 
nondimensional quantity characterizing the aerodynamic damping 
of the blade torsional degree of freedom, see eq A33 
flapping mass moment of inertia of one blade about the rotor 
center , lb-ft-sec 
feathering mass moment of inertia of blade, lb-ft-sec 
blade flapping stiffness, ft-lb/rad 
nondimensional aerodynamic spring effect of blade torsion, see 
eq ~ 2 6  
rotor stiffness, Ke = 2 K ft-lb/rad 
nondimensional aerodynamic spring effect for flapping, see eq Al5 
2 
2 
B '  
L ( r  in.) rotor rolling moment at blade station r ,  in.-lb 
%(r  in.) rotor pitching moment at blade station r s  in.-lb 
M ( r  in.) 
R 
steady rotating blade flapping moment at blade station r 9  in.-lb 
BO 
-1 PQ blade flapping frequency, sec 
Q nondimensional quantity describing the excitation of blade torsion 
by the lift of the reversed flow region, see eq A34 
R rotor radius, ft 
nondimensional components of relative velocity at blade element, 
see eq Ab, A5 
matrix of stat.e variables X 
'P' 'T 
















ro to r  s h a f t  angle  of a t tack ,  rad 
f lapping  angle B = a. - al cos J, -bl s i n  $ 9  rad 
blade Lock number, Y = 
4 R pac 
I1 
t o r s i o n a l  de f l ec t ion  of blade t i p ,  rad 
angle def ining mixed flow region of b lade ,  rad (see Figure 66) 
and eq A1 
p i t c h  s e t t i n g  of a blade element without considerat ion of t o r s i o n ,  
rad 
s i n  I/) + 8 cos I) 
S C 
e = eo+ x et + e 
c o l l e c t i v e  p i t c h ,  rad 
b u i l t - i n  blade t w i s t ,  rad 
la teral  cyc l i c  p i t c h  cont ro l  i npu t ,  rad  
long i tud ina l  cyc l i c  p i t c h  cont ro l  i npu t ,  rad 
p i t c h  change due t o  blade t o r s i o n ,  r ad ,  A e  = $ 6  
dis tance  between e l a s t i c  axis and center  of pressure i n  reversed 
flow, f t ,  K % 0.5 
inflow r a t i o  
eigenvalues of t h e  s ta te  t r a n s i t i o n  matrix 
advance r a t i o  
dens i ty  of a i r ,  s l u g s / f t  3 
r o t o r  s o l i d i t y  
normalized mode shape for  to r s ion  
s t a t e  t r a n s i t i o n  matrix 
blade azimuth angle ,  rad  




The flow regions 1, 2, 3 identify normal, mixed and reversed flow, 
respectively. The mixed flow region 2 is further broken down into 
2 and 2 where the subscripts refer to normal and reversed flow. 
Barred quantities refer to the virtual work done for the mode 





DESIGN AND FABRICATION 
DESCRIPTION OF MODEL 
The Lockheed/MRL High Advance Ratio Rotor System i s  a four-bladed, 
7 1/2-ft-diameter model designed for t e s t i n g  i n  t h e  U . S .  Army Aeronautical  
Research Laboratory's  7 x 10 f t  wind tunnel  a t  Moffett F i e l d ,  Cal i forn ia .  
The r o t o r  i s  driven by two 37 horsepower va r i ab le  frequency induct ion motors. 
Rotor con t ro l  i s  d i r e c t  with cyc l i c  and c o l l e c t i v e  p i t c h  appl ied by means 
of a conventional swashplate which i s  posi t ioned by e l e c t r i c a l l y  cont ro l led  
hydraul ic  ac tua tors .  
The r o t o r  blades are of aluminum s k i n ,  aluminum honeycomb construct ion 
with one spar  loca ted  at t h e  25% chord pos i t i on .  
maintained a t  t h e  quarter-chord by means of a spanwise b a l l a s t  weight a f f ixed  
t o  t h e  in s ide  of t h e  leading edge sk in .  The blades are an untwisted,  NACA 
0012 a i r f o i l  s ec t ion  and have a 4 1 / 2  inch chord. They a r e  a t tached  t o  t h e  
r o t o r  hub through t h e  use of " f l ex ib l e  f lapping  r e s t r a i n t s "  ( f l e x u r e s )  a t  a 
zero precone angle.  
t o  allow a v a r i a t i o n  of t h e  r o t o r  blade nonrotat ing f lapping frequency. 
blade Lock number may a l s o  be changed by adding a t i p  weight. 
value of y = 5.0 i s  ca l cu la t ed  assuming a lift curve s lope  of 2h. One set 
of t i p  weights i s  furnished which reduces y to 3.0. Consequently, four b a s i c  
r o t o r  configurat ions a r e  ava i l ab le  fo r  t e s t i n g ,  which w i l l  be r e f e r r e d  t o  i n  
t h i s  r epor t  as configurat ions 1, 2 ,  3 and 4.  
The center  of g rav i ty  i s  
Two sets of f lexures  ( s o f t  and s t i f f )  a r e  furnished 
The 
A nominal 
They are defined as: 
e 
a 
Configuration 1 - s o f t  f l exure  without t i p  weight ( y = 5.0) 
Configuration 2 - s o f t  f lexure  with t i p  weight ( y  = 3.0) 
Configuration 3 - s t i f f  f l exure  without t i p  weight ( y  = 5.0) 




The Lockheed/AARL High Advance Ra t io  Rotor Model w a s  designed t o  be 
cons i s t en t  with t h e  fundamental object ives  of t h e  program; t o  experimentally 
determine t h e  b a s i c  dynamic c h a r a c t e r i s t i c s  of r e s t r a i n e d  r o t o r s  a t  high 
advance r a t i o s  and t o  compare t h e  t e s t  r e s u l t s  with a documented theory.  A 
simple r o t o r  blade design w a s  s e l e c t e d  t o  b e s t  f u l f i l l  t h e s e  ob jec t ives .  The 
r o t o r  diameter of 7 1 /2  f t  w a s  d i c t a t e d  by t h e  10 f t  width of t h e  M L  wind 
tunnel .  A blade aspect  r a t i o  of 10 w a s  chosen as r ep resen ta t ive  r e s u l t i n g  
i n  a four-bladed r o t o r  s o l i d i t y  of 0.127. A NACA 0012 a i r f o i l  s e c t i o n  w a s  
s e l ec t ed  f o r  t h e  constant chord blade.  Refinements such as t w i s t ,  camber 
and t a p e r  which would have improved r o t o r  l i f t i n g  performance were not 
considered. Since moderate l i f t  levels were a n t i c i p a t e d  t h e  need f o r  blade 
precone t o  r e l i e v e  steady blade stresses d id  not e x i s t .  Rotor precone gen- 
erates appreciable  c y c l i c  moments a t  high advance r a t i o s  which would compli- 
c a t e  t h e  operat ion of t h e  r o t o r  as w e l l  as t h e  reduct ion of t h e  da t a .  
The formulation of t h e  program required t h a t  t h e  c h a r a c t e r i s t i c s  of 
s eve ra l  r e s t r a i n e d  r o t o r s  be examined. For t h e  purposes of t h i s  s tudy,  a 
r o t o r  configurat ion i s  described by i t s  Lock number ( y  ) ,  i t s  first f lapping 
mode frequency (Pa), 
i n e r t i a  forces  and a change i s  e f f e c t e d  by changing t h e  f l app ing  i n e r t i a  of 
t h e  blade.  This i s  conventionally accomplished by adding weight a t  t h e  t i p  
of t h e  blade.  The f lapping frequency parameter P may be changed i n  two ways; 
by changing r o t o r  r o t a t i o n a l  speed, Cl 
Lock number i s  t h e  r a t i o  of aerodynamic fo rces  and 
and by changing t h e  f l app ing  frequency 
of t h e  nonrotat ing blade.  
of a f lapping r e s t r a i n t  l oca t ed  between t h e  a c t u a l  blade and t h e  hub. 
The l a t t e r  was  achieved by varying t h e  f l e x i b i l i t y  
Because of t h e  nature  of t h e  aerodynamic fo rces  a c t i n g  on a r o t o r  blade 
as it passes through t h e  region of reversed a i r f l o w ,  a requirement t h a t  t h e  
blade be very s t i f f  t o r s i o n a l l y  developed. This c o n s t r a i n t  tends t o  minimize 
t h e  involvement of t o r s i o n  i n  t h e  f l app ing  response of t h e  r o t o r .  
involvement not only a f f e c t s  t h e  steady s ta te  f lapping response of t h e  r o t o r  
t o  various e x c i t a t i o n s  bu t  a l s o  increases  t h e  p o s s i b i l i t y  of high frequency 





I n  order  t o  achieve t h e  h ighes t  poss ib le  Lock number ( i .e .  minimum r o t o r  
blade f lapping moment of i n e r t i a ) ,  t h e  blade outboard of t h e  f lexure  w a s  con- 
s t r u c t e d  almost e n t i r e l y  of aluminum. 
balance weight requi red  t o  loca t e  t h e  sec t ion  cg at t h e  quarter-chord. 
s iona l  s t i f f n e s s  w a s  provided by a s ing le  main spar  loca ted  a t  t h e  quarter-chord 
and an aluminum honeycomb core construct ion.  
vided f lapping s t rength .  The NACA 0012 a i r f o i l  s ec t ion  i s  modified at t h e  
t r a i l i n g  edge t o  accommodate a f la t  bonding s t r i p  between t h e  upper and lower 
skins  f o r  addi t iona l  s t r u c t u r a l  s t rength .  The cross-section o f t h e  blade at a 
t y p i c a l  r a d i a l  pos i t i on  i s  sketched below: 
The exception i s  t h e  spanwise brass  
Tor- 
Spanwise aluminum doublers pro- 
0.020 ALUMINUM SKIN 
0.005 ALUMINUM SKIN 
ALUMlNUM HONEYCOMB 
Two s e t s  of f lapping r e s t r a i n t s  ( f l exures )  were f ab r i ca t ed  which provided 
a maximum v a r i a t i o n  i n  t h e  nonrotat ing blade f i r s t  mode f lapping frequency 
cons is ten t  with t h e  an t i c ipa t ed  loading spectrum. The f lexures  a r e  made of 
t i t a n i u m  and form t h e  attachment between t h e  blades and t h e  s t e e l  r o t o r  hub. 
Centr i fugal  forces  a r e  r e s i s t e d  by a b a l l  t h r u s t  bear ing which a l s o  a c t s  as 
t h e  fea ther ing  bear ing.  The bear ing housing and p i t ch  horn a re  aluminum. 
9 
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One s e t  of t i p  weights were machined from t i tan ium which reduce t h e  blade 
Lock number from a nominal value of 5.0 t o  3.0. The p i t c h  l i n k s  through which 
con t ro l  inputs  are t r a n s f e r r e d  t o  t h e  r o t o r  a r e  equipped with t e f l o n  bear ings 
a t  both ends t o  minimize con t ro l  system deadband ( s l o p ) .  
photograph of t h e  var ious  components which c o n s t i t u t e  t h e  r o t o r .  
Figure 1 i s  a 
A desc r ip t ion  oi t h e  r o t o r  blade i n  terms of i t s  r a d i a l l y  d i s t r i b u t e d  
mass and s t i f f n e s s  p rope r t i e s  i s  presented i n  t h e  next t h r e e  f i g u r e s .  The 
weight d i s t r i b u t i o n  i s  p l o t t e d  as a func t ion  of r a d i a l  pos i t i on  (measured 
from t h e  center  of r o t a t i o n )  i n  Figure 2. 
t i o n  due t o  t i p  weight and f l exure  are noted on t h e  curve. Also p l o t t e d  i n  
t h e  same f i g u r e  are t h e  loca t ions  of t h e  shear  c e n t e r ,  n e u t r a l  a x i s  and mass 
cent ro id  r e l a t i v e  t o  t h e  f ea the r ing  a x i s  (25% chord) .  
inplane and t o r s i o n a l  s t i f f n e s s  d i s t r i b u t i o n s  a r e  p l o t t e d  i n  Figures 3 and 4. 
The e f f e c t  of t h e  two f l exures  i s  noted on t h e  f lapping  and inplane curves. 
The f l exure  has no e f f e c t  on t o r s i o n a l  s t i f f n e s s  because it i s  loca ted  in-  
board of t h e  f ea the r ing  bear ing.  It i s  c l e a r  t h a t  t h e  t i p  weight cannot 
inf luence s t i f f n e s s .  
The va r i a t ions  i n  t h e  d i s t r i b u -  
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INSTRUMENTATION AND DATA ACQUISITION 
INSTRUMENTATION 
The instrumentation w a s  an i n t e g r a l  p a r t  of t h e  model. 
devices can be conveniently categorized according t o  t h e i r  l oca t ion  i n  t h e  
r o t a t i n g  or nonrotat ing systems. 
blade bending s t r a i n  gages, a tension-compression p i t c h  l i n k  gage and a 
l i n e a r  pos i t i on  potentiometer which measured instantaneous blade angle.  The 
s igna l s  from t h e  gages and t h e  pot were t r a n s f e r r e d  t o  t h e  s t a t i o n a r y  
coordinate system by means of a s l i p r i n g  assembly which a l s o  served t o  supply 
power t o  t h e  gages. The s t r a i n  gages on t h e  blades served a two-fold pur- 
pose. 
be recorded on an analog tape .  Second, t h e i r  outputs were displayed on 
osci l loscopes which were continuously monitored t o  in su re  t h a t  c r i t i c a l  
blade s t r e s s e s  were not exceeded. 
The var ious 
The r o t a t i n g  instrumentation consis ted of 
F i r s t ,  they were t h e  means by which dynamic r o t o r  da t a  were sensed t o  
The r o t o r  mounted instrumentat ion cons is ted  s p e c i f i c a l l y  of t h r e e  f l a p  
bending s t r a i n  gages br idges ,  two chord bending b r idges ,  one to r s ion  br idge 
and a f ea the r ing  pos i t i on  potentiometer on one blade.  
same blade w a s  equipped with t h e  tension-compression gage. 
The p i t c h  l i n k  of t h e  
The r o t o r  w a s  a l s o  equipped with a system of four  s t r a i n  gage br idges 
and a sine-cosine potentiometer for t h e  purpose of reso lv ing  r o t a t i n g  blade 
moments into s t a t i o n a r y  rotor pi tch ing  and r o l l i n g  moments (These moments 
w i l l  c o n s t i t u t e  t h e  feedback t o  t h e  e l e c t r i c a l  control system i n  t h e  next 
phase of t h e  program,) 
t h e  p r inc ipa l  i nd ica to r  of r o t o r  t r i m ,  The br idges a r e  loca ted  a t  t h e  same 
r a d i a l  pos i t i on  on each of t h e  four blades.  The d i f fe rence  between t h e  
moments of opposite blades a r e  formed e l e c t r i c a l l y  and passed through t h e  
sine-cosine pot .  The pot i s  at tached t o  t h e  r o t o r  s h a f t  and continuously 
generates t h e  s i n e  and cosine of t h e  ro tor .az imuth  pos i t i on ,  I/J* The 
They were v i s u a l l y  displayed during t h e  t e s t  and were 
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r o t o r  p i t ch ing  and r o l l i n g  moments ( i n  s t a t i o n a r y  coord ina tes )  are formed by 
properly combining t h e  r o t a t i n g  blade moments a f t e r  they have been mul t ip l i ed  





- M ) s i n  $J (1) 
2 64 
61 134 @2 
p i t ch ing  moment = (Ma - M )cos 9 + (MB 
r o l l i n g  moment = 
3 61 
( 2 )  - M ) s i n  IJJ + (M - M )cos 9 
represent  t h e  r o t a t i n g  blade moments of blades 1 through 4. 
Linear pos i t i on  potentiometers which ind ica t e  t h e  t r a v e l  of t h e  co l lec-  
t i v e  and c y c l i c  p i t c h  ac tua to r s  a r e  loca t ed  i n  t h e  nonrotat ing coordinate  
system. They were used t o  measure t h e  appl ied  con t ro l  inputs  ( e o 3  e s 3  e c L  
A magnetic pickup which w a s  t r i gge red  a t  t h e  zero r o t o r  azimuth pos i t i on  
provided a measure of t h e  r o t o r  speed. 
w a s  an i n t e g r a l  p a r t  of t h e  model support  s t r u t  and measured body moments 
and forces .  
A six-component s t r a i n  gage balance 
Other instrumentat ion included a P i t o t - s t a t i c  tube  and a temperature 
The model was mounted probe which were used t o  measure t h e  tunnel  speed. 
d i r e c t l y  on t h e  wind tunnel  s ca l e s  which remained opera t ive  during t h e  t e s t  
as a backup f o r  t h e  s t r a i n  gage balance measurements. 
DATA ACQUISITION 
Data were recorded with t h r e e  devices:  
AARL DATEX System 
Honeywell Medium Band Magnetic Tape System 
Honeywell Visicorder  
The DATEX i s  a da t a  sampling system composed of analog t o  d i g i t a l  converters  
having a 1 t o  2 cps bandwidth. 
s teady data such as ac tua tor  pos i t i ons  and body and r o t o r  moments and forces .  
The Honeywell Magnetic Tape System was used as an analog t ape  recorder .  High 
frequency data such as r o t a t i n g  blade bending moments were recorded on t h e  
tape .  The Honeywell Visicorder  i s  an osc i l lograph  which records time h i s t o r y  
data on photo-sensi t ive paper. 
da t a  which would i n d i c a t e  the  proper and s a f e  operat ion of t h e  model. Table 1 
During t h e  t e s t  it w a s  used only t o  record 
It w a s  used t o  record a l l  s teady and dynamic 
16 
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summarizes a l l  of t h e  model instrumentat ion,  t h e  datum measured by each and 
t h e  equipment used t o  record each datum. 
loca t ions  of t he  blade bending s t r a i n  gages,  measured i n  inches from t he  
center  of r o t a t i o n .  
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CHECKOUT AND WHIRL 
Prior to the shipment of the model to Moffett Field, static and functional 
whirl tests were conducted at Lockheed. The objectives of these tests were to 
experimentally verify the analytical description of the rotor system and 
to insure that the model and instrumentation were totally operational. 
The activities included: 
e Control system stiffness test 
0 Rotor blade inertia test 
0 Nonrotating and rotating rotor blade natural frequency tests 
0 Whirl tests 
STATIC TESTS 
Control Svstem Stiffness 
The stiffness of the control system is important in high advance ratio 
testing'because increased feathering moments are generated as a rotor blade 
passes through the reversed flow region. If the control system stiffness 
is not sufficiently high, the possibility of a first mode flapping-feathering 
instability exists. Collective and cyclic control system stiffnesses, 
= 1100 in.-lb/deg/blade and K cyclic = 123 in.-lb/deg/ respectively, 
blade were determined by static loading. Kcoll is very high and can be ignored 
compared to the Kcyclice In terms of frequency, 123 in.-lb/deg represents an 
undamped natural feathering frequency of 5.2 i2 
Of Kcoll 
' at a rotor speed of 1500 RPM, 
i.e, K 
w feathering cy;:; + 1 
0 
where I is the effective feather inertia of one rotor blade. 
0 
A simplified flapping-feathering stability analysis was conducted which 
incorporated the experimental control system stiffness. Rigid flapping and 
feathering eaah restrained by a hypothetical. spring constituted the mathematical 
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model. The aerodynamic environment w a s  t h e  same as t h a t  described i n  Appen- 
d ix  A .  Matrix Floquet Theory w a s  used t o  determine s t a b i l i t y .  The r e s u l t s  of 
t h e  ana lys i s  indicated t h a t  a f i r s t  mode flapping-feathering i n s t a b i l i t y  could 
not occur within t h e  an t i c ipa t ed  r o t o r  speed and advance r a t i o  ranges.  
Rotor Blade I n e r t i a  
The f lapping i n e r t i a  of a r o t o r  blade (without t i p  weight) w a s  deter-  
mined experimentally by suspending it as a t o r s i o n a l  pendulum and measuring 
i t s  per iod of o s c i l l a t i o n .  
blade cg which converts t o  1035 lb-in. about t h e  center  of r o t a t i o n .  This 
compares favorably with t h e  a n a l y t i c a l  value of 1020 lb-in.  . 
An i n e r t i a  of 455 lb-in.  w a s  measured about t h e  
2 
Rotor Blade Natural  Frequencies 
Nonrotating r o t o r  blade n a t u r a l  frequencies were determined experi-  
mentally by a shake t e s t  of t h e  cant i levered blade i s o l a t e d  from t h e  model. 
Accoustic and mechanical shakers were used over a frequency range of 0 t o  
200 cps. The frequencies of t h r e e  f l a p  bending modes, one chord bending mode 
and one t o r s i o n  mode were measured. 
ca l cu la t ed  using a c l a s s i c a l  mass and s t i f f n e s s  d i s t r i b u t i o n  ana lys i s  i n  
Figures 5 and 6.  Some experimental r o t a t i n g  blade n a t u r a l  frequencies are 
a l s o  spot ted on t h e  curves. They were ind ica t ed  during t h e  wh i r l  tes ts  by 
increased f lapping and chord motion at r o t o r  r o t a t i o n a l  frequencies which 
were i n  resonance with t h e  blade frequencies.  With t h e  exception of t h e  f i r s t  
inplane frequency, t h e  a n a l y t i c a l  and experimental r e s u l t s  agree t o  within 
approximately 8%. 
They are compared with frequencies 
The predicted f i r s t  f lapping mode frequency agrees 
extremely wel l  with t h e  tes t  da t a  with t h e  deviat ion less than 2 % #  
WHIRL TESTS 
The r o t o r  w a s  t racked and balanced a t  t h e  beginning of t h e  func t iona l  
whir l  tes ts .  Rotor t r a c k  w a s  e a s i l y  obtained by simply ad jus t ing  t h e  nominal 
p i t c h  s e t t i n g s  of t h e  four  blades.  The blades were manufactured t o  very high 
to l e rances  making balancing almost unnecessary. Two and f o u r  grams of weight 
were required a t  t h e  t i p s  of two blades t o  balance t h e  r o t o r ,  
Additional wh i r l s  t e s t s  were conducted t o  f u l l y  check out t h e  model. 
A l l  instrumentation w a s  ac t iva t ed  (except the s t r a i n  gage balance) and re- 
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various rotor speeds up to 1000 RPM. Collective and cyclic blade angles in 
excess of the planned wind tunnel test values were applied to the rotor. 
Model support stand natural frequencies and blade natural frequencies were 
noted. Generally the functional performance of the system was found to be 
excellent. 
Following the successful completion of the whirl tests at Lockheed, the 
model was shipped to the USAARL at Moffett Field. Several weeks of additional 
model preparation were conducted there, including the checkout of the complete 
data acquisition system and hover tests. 
Discussion of Hover Test Data 
Hover tests were conducted as a part of model checkout in the AARL model 
preparation area. The tests served as the final checkout of the model, its 
instrumentation and the data acquisition equipment prior to wind tunnel 
installation. The scope of the testing was limited to the experimental 
determination of rotor lift and moment derivatives with respect to collective 
and cyclic pitch. 
ranges of collective pitch ( e o )  and longitudinal cyclic pitch ( 0  ) were 
applied to the rotor while maintaining a constant rotor speed. 
speeds were tested. 
For each of the four basic rotor configurations, modest 
S 
Three tip 
The results of the collective pitch perturbations are shown in Figures 7 
and 8. 
coefficient, CT/o. 
four configurations. This is to be expected since the blade and disc areas 
are identical f o r  the four rotors. The nonlinear characteristic of the curves 
at low collective pitch values is due to a pronounced reduction in the effec- 
tive blade angle of attack caused by induced downwash. At higher blade angles 
this effect is stabilized. It is noted that no'rotor moments were detected 
during the collective pitch excursions confirming that cyclic and collective 
pitch were not mechanically coupled. 
Rotor lift is represented by a nondimensional blade loading 
The derivative aC /a/a6 is approximately the same for all T 0 
The slight scatter which is evident in the lift data can be attributed 
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t o  record steady da ta  during t h e  hover t es t s .  The d a t a  are recorded a t  one 
i n s t a n t  i n  t i m e  and e r r o r s  could be introduced i f  a datum i s  not constant with 
t i m e .  I n  t h e  case of r o t o r  l i f t ,  v i b r a t i o n  i s  seen as time varying l i f t .  
The maximum e r r o r  ( s c a t t e r )  which i s  poss ib l e ,  depends upon t h e  level  of 
v ib ra t ion .  The condition i s  shown graphical ly  below. 
TIME AT W-HICH DATA - TIME - 
SAMPLE IS TAKEN 
Obviously, t h e  magnitude of t h e  e r r o r  i s  l e f t  t o t a l l y  t o  change. Such d a t a  
a c q u i s i t i o n  e r r o r s  were minimized during t h e  wind tunnel  tes ts  by averaging 
1 0  da t a  samples a t  each t e s t  po in t .  
The r o t o r  p i t ch ing  and r o l l i n g  moments r e s u l t i n g  from t h e  app l i ca t ion  
of l ong i tud ina l  c y c l i c  p i t c h  ( 0  ) are shown i n  Figures 9 through 12 .  
i s  c l e a r  t h a t  no a d d i t i o n a l  information would be obtained by e x c i t i n g  t h e  
system with la te ra l  c y c l i c  p i t c h  a l so .  Measurements were recorded a t  t h r e e  
r o t a t i o n a l  speeds for each b a s i c  r o t o r  configurat ion.  The values of t h e  
nondimensional f lapping frequency P a s soc ia t ed  with each r o t o r  speed are 
ind ica t ed  on t h e  f igu res .  
t abu la t ed  i n  t h e  next Section of t h i s  r e p o r t .  The moments have been resolved 
from r o t a t i n g  t o  s t a t i o n a r y  coordinates through t h e  s t r a i n  gage/sine-cosine 
pot arrangement described i n  Section 4. 
a t  t h e  r o t o r  s h a f t .  Rather they are moments a t  t h e  r a d i a l  p o s i t i o n  of t h e  
s t r a i n  gage bridges on t h e  blades.  
d i s t r i b u t i o n s  required t o  a s c e r t a i n  s h a f t  moments based upon r a d i a l l y  o f f s e t  
values w i l l  be presented i n  Section 7.  
It 
S 
They were deduced from Figures 5 and 6 and are 
Consequently they are not  values 












-4 -3 -2 -1 0 
A e S  - DEG 1 2 3 4 
Figure 9. Rotor P i t c h  and Roll Response t o  Longitudinal Cyclic 
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Figure 10. Rotor P i tch  and Rol l  Response t o  Longitudinal Cyclic 
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Figure 11. Rotor P i t c h  and R o l l  Response t o  Longitudinal Cyclic 
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Figure 12. Rotor Pitch and Roll Response to Longitudinal Cyclic 
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The moments of Figures 9 through 12 are average values ex t r ac t ed  from 
t i m e  h i s t o r y  recordings and as such are not  a f f ec t ed  by t h e  data sampling 
e r r o r  previously discussed. 
deg w a s  maintained f o r  a l l  cyc l i c  p i t c h  excursions.  
a nonlinear rotor response at s m a l l  cyc l i c  p i t c h  angles due t o  induced down- 
wash, similar t o  t h a t  experienced during t h e  c o l l e c t i v e  p i t c h  tests.  The 
t e s t  r e s u l t s  i n d i c a t e  t h a t  t h e  r o t o r  p i t c h  and roll response t o  a c y c l i c  
p i t c h  input i s  q u i t e  l i n e a r .  Very l i t t i e  s c a t t e r  can be seen i n  t h e  da ta .  
A nominal c o l l e c t i v e  p i t c h  of approximately 4 
This was done t o  avoid 
A c o l l e c t i v e  comparison of a l l  t h e  hover moments i n  terms of t h e  r o t o r  
phase angle of response, i . e .  
PHASE ANGLE = ARCTAN -% LR (4) 
0s ?s 
t o  l ong i tud ina l  c y c l i c  p i t c h  ind ica t e s  good consistency among t h e  fou r  con- 
f igu ra t ions .  The da ta  are presented i n  t h i s  form i n  Figure 13 where t h e  phase 
2 angle is  p l o t t e d  versus  y and P-1. From rudimentary theory it can be shown 
t h a t  t h e  r o t o r  phase angle of response i s  d i r e c t l y  proport ional  t o  t h e  f l a p  
damping and inversely proport ional  t o  t h e  blade f lapping r e s t r a i n t .  The Lock 
number i s  a measure of t h e  damping and P2-1 a measure of t h e  r e s t r a i n t .  
PUSE ANGLE = mc'rm (4a) 
The t rends of t h e  t e s t  da t a  conform we l l  t o  t h i s  simple expression. The 
magnitudes of t h e  measured phase angles ,  however, are s i g n i f i c a n t l y  less than 
those ca l cu la t ed  by eq ha. 
r i g i d  f lapping mode shape and the  uniform inflow r a t i o  which are impl i c i ty  
assumed i n  eq  4a. 
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Figure 13. Rotor Phase Angle of Response to Longitudinal Cyclic 




WIND TUNNEL TESTS 
DESCRIPTION OF WIND TUNNEL 
Wind tunne l  t e s t i n g  w a s  conducted i n  t h e  U S M L  7 x 10 f t  wind tunnel  a t  
Moffett F i e ld .  The tunne l  i s  a s i n g l e  r e t u r n  closed j e t  f a c i l i t y .  It has a 
14:l cont rac t ion  r a t i o ,  a m a x i m u m  speed of  380 f t / s e c  or 225 knots 
(q = 170 l b / f t  ) .) and a maximum a i r  exchange of 29.2%. 
sec t ion  operates  a t  ambient s tagnat ion  pressure  ; hence t h e  s t a t i c  pressure  i s  
reduced by tes t  dynamic pressure .  
horsepower va r i ab le  speed d i r e c t  current  motor dr iv ing  a f ixed  p i t c h  p rope l l e r  
a t  0 t o  310 RPM. 
2 The 15  f t  long t e s t  
The tunne l  dr ive  system employs a 1,600 
The wind tunnel  i s  shown schematical ly  i n  Figure 1 4 .  
The Wind Tunnel Data Acquis i t ion System processes  a t o t a l  of up t o  
576 channels of analog da ta  a t  one time which a r e  se l ec t ed  from t h e  following: 
680 channels of analog da ta  
1 2  channels of scanivalve da t a  
50 channels of thermocouple da t a  
24 channels of s t r a i n  gage d a t a  
The s igna l s  are converted t o  d i g i t a l  da t a  which a r e  displayed on lamp banks. 
I n  add i t ion ,  e ight  channels of  d i g i t a l  d a t a  and 28 d i g i t s  of parameter da t a  
are ava i l ab le  from Toledo Scale  equipment, and four channels a r e  ava i l ab le  f o r  
e l ec t ron ic  counter measurements. A l l  channels of da t a  a r e  recorded on an 
IBM 523 card punch and/or an IBM S e l e c t r i c  p r i n t e r .  
ava i l ab le  t o  permit t h e  d i g i t a l  s igna l s  t o  be f ed  d i r e c t l y  t o  a customer- 
supplied computer. Frame and cyc le  numbers a r e  a l s o  recorded and displayed.  
An add i t iona l  output i s  
W I N D  TUNNEL INSTALLATION 
The model w a s  mounted d i r e c t l y  upon t h e  wind tunnel  s ca l e s  with t h e  s i x  
component s t r a i n  gage 
support s t r u t  and t h e  
required t o  power t h e  
balance serv ing  as t h e  i n t e r f a c e  between t h e  model 
s c a l e s .  A l l  of e l e c t r i c a l  wi r ing  and hydraul ic  l i n e s  
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f l o o r  of t h e  tunne l .  The instrumentation cables  were routed s i m i l a r l y  t o  a 
patchboard under t h e  tunne l  and from t h e r e  t o  t h e  var ious d a t a  acqu i s i t i on  
devices.  
Figure 15 .  
t unne l  w a s  c e n t r a l l y  loca t ed  i n  a room adjacent t o  t h e  t e s t  s ec t ion  which 
provided exce l l en t  v i s i b i l i t y  of t h e  model. 
A photograph o f  t h e  model i n s t a l l e d  i n  t h e  tunnel, c o n s t i t u t e s  
Control of t h e  model, t h e  da t a  acqu i s i t i on  equipment and t h e  wind 
DISCUSSION OF W I N D  TUNNEL TEST DATA 
Following a complete checkout of t h e  model and t h e  da t a  acqu i s i t i on  
system i n s t a l l e d  i n  t h e  wind tunne l ,  a comprehensive t e s t  program t o  determine 
t h e  dynamic c h a r a c t e r i s t i c s  o f  t h e  four bas i c  r o t o r  configurations at high 
advance r a t i o s  w a s  embarked upon. Forty hours of a c t u a l  t e s t  time were 
logged and approximately 1500 da ta  po in t s  w e r e  recorded. 
separated i n t o  steady s ta te  response t e s t s  and s t a b i l i t y  t es t s ,  with s t a b i l i t y  
considered las t  because of i t s  higher  degree o f  r i s k .  Rotor response 
c h a r a c t e r i s t i c s  were determined f o r  t h e  fou r  configurations at r o t o r  speeds 
ranging from 300 t o  800 RPM and tunne l  v e l o c i t i e s  from 50 t o  120 knots .  The 
s t a b i l i t y  of t h e  s o f t  f l exure  configurations w a s  examined a t  s eve ra l  r o t o r  
speeds up t o  a tunne l  v e l o c i t y  of 175 knots.  A summary of t h e  r o t o r  speeds 
and forward v e l o c i t i e s  which were examined during t h e  t es t  are shown graphi- 
c a l l y  i n  Figure 16. 
The t e s t i n g  was 
The most ser ious d i f f i c u l t y  encountered i n  obtaining steady r o t o r  l i f t  
and moment d a t a  w a s  caused by turbulence i n  t h e  wind tunnel .  The turbulence 
appeared as a r a p i d  change i n  t h e  f r e e  stream v e l o c i t y  t o  which t h e  r o t o r  
responded, The frequency o f  t h e  turbulence w a s  very e r r a t i c  and i t s  e f f e c t  
on t h e  steady r o t o r  response became more pronounced at higher t unne l  dynamic 
pressures .  The gross e f f e c t  of t h e  turbulence w a s  t o  generate t i m e  varying 
r o t o r  lift and moments at approximately t h e  same frequency as t h e  occurance 
of turbulence.  The problem of minimizing t h e  e f f e c t  o f  t h e  turbulence from 
t h e  steady d a t a  w a s  e f f e c t i v e l y  solved by averaging many samples of data at 
each tes t  condition. 
The only o the r  s i g n i f i c a n t  d i f f i c u l t y  occurred l a t e  i n  t h e  t e s t  program 
and was caused by a d e t e r i o r a t i o n  o f  t h e  s t r a i n  gage br idges used t o  resolve 
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one of t h e  four  br idges which made up t h e  c i r c u i t  would destroy t h e  moment 
s igna l s .  The moment r e so lu t ion  c i r c u i t  w a s  temporarily corrected by con- 
ve r t ing  t h e  f u l l  s t r a i n  gage br idges on t h e  blades t o  h a l f  br idges.  However, 
after only a very sho r t  per iod of operat ion,  t h e  h a l f  bridges f a i l e d  a l s o  
and t h e  c i r c u i t  w a s  rendered unusable and unrepairable  without t h e  i n s t a l -  
l a t i o n  of new s t r a i n  gages. With t h e  demise of  t h e  moment reso lu t ion  went 
t he  moment da t a  and t h e  v i sua l  capab i l i t y  of trimming the  ro to r .  This pro- 
blem occurred during t h e  las t  RPM of t h e  response tes t s  of  t h e  last  configura- 
t i o n .  The s teady s t a t e  d a t a  f o r  these  t e s t  conditions are ava i lab le  from t h e  
harmonic ana lys i s  of t h e  output of t h e  f l exure  f l a p  bending s t r a i n  gage. 
ROTOR RESPONSE TEST DATA 
The steady s ta te  response of each bas i c  r o t o r  configuration w a s  
determined f o r  four  separa te  exc i t a t ions  : 
o Collect ive p i t c h ,  
e Longitudinal cyc l i c  p i t c h ,  O s  
o Lateral cyc l i c  p i t c h ,  
o Rotor s h a f t  angle of a t t a c k ,  a 
e C  
Su f f i c i en t  t es t  conditions were examined so t h a t  der iva t ives  of r o t o r  
p i tch ing  moment, r o l l i n g  moment and l i f t  with respect  t o  t h e  seve ra l  exc i ta -  
t i o n s  could be accura te ly  defined as a funct ion of advance r a t i o .  A wide range 
of advance r a t i o s  w a s  obtained by varying both tunnel ve loc i ty  and r o t o r  
speed. A change i n  r o t o r  speed also e f fec t ed  a change i n  t h e  r o t o r  blade 
nondimensional f lapping frequency, P.  Table 2 summarizes the  advance r a t i o s  
and r o t o r  speeds examined f o r  each bas ic  r o t o r  configurat ion.  Lis ted a l so  
a re  t h e  values of P corresponding t o  each RPM. The reader i s  reminded t h a t  
configurat ions 1 and 3 are character ized by a Lock number of 5 .0 .  For r o t o r s  
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The t e s t  schedule was formulated t o  minimize f luc tua t ions  i n  advance 
r a t i o  while t h e  seve ra l  dis turbances were imposed upon t h e  r o t o r .  This was 
accomplished by maintaining constant both t h e  r o t o r  and tunnel  speeds while 
t h e  various con t ro l  inputs  were appl ied t o  t h e  blades.  
of a t t ack  va r i a t ions  had t o  be handled d i f f e r e n t l y .  
changed by hand which necess i t a t ed  shu t t ing  down t h e  r o t o r  and tunnel .  
f o r e ,  f o r  t hese  cases constant s h a f t  angle and r o t o r  speed were maintained 
while t h e  tunnel  ve loc i ty  was var ied.  
The r o t o r  s h a f t  angle 
The angle of a t t a c k  w a s  
There- 
The p r i n c i p a l  ob jec t ive  of t h e  response t e s t s  w a s  t o  experimentally 
determine t h e  r o t o r  p i t ch ing  and r o l l i n g  moment and l i f t  der iva t ives  with 
respect  t o  t h e  four  exc i t a t ions  ( 0  
and r o t o r  RPM. 
c h a r a c t e r i s t i c s  can be ex t r ac t ed  from these  data t o  f a c i l i t a t e  a comparison 
of  t e s t  r e s u l t s  with nondimensional theory.  
t h e  der iva t ives  of r o t o r  response with respec t  t o  a se l ec t ed  e x c i t a t i o n ,  
B S ,  B C ,  a )  as a funct ion of advance r a t i o  
0'  
A nondimensional descr ip t ion  of t h e  r o t o r s  and t h e i r  response 
In  order  t o  accurately def ine 
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many magnitudes o f  t h e  e x c i t i n g  parameters were considered. A t  a f ixed  
f l i g h t  condition (V and QR), t h e  r o t o r  w a s  dis turbed from a trimmed condition 
with increasing magnitudes of an e x c i t a t i o n .  
w a s  defined when t h e  blade bending moments reached a f a t i g u e  l i m i t .  
The maximum allowable input 
Data were recorded at  a l a r g e  number of d i s c r e e t  t e s t  conditions,  They 
represent  a valuable da t a  bank which may be co r re l a t ed  with appropriate  
mathematical t h e o r i e s .  To graphical ly  present  a l l  of t h e  da t a  i n  t h e  main 
body of t h i s  r e p o r t ,  however, would not serve t h e  purposes o f  t h e  current  
study. 
advance r a t i o  and r o t o r  speed w i l l  be presented. 
leading t o  t h e  de r iva t ives  w i l l  be shown. A l l  of  t h e  d a t a  from which t h e  
r o t o r  l i f t  and moment de r iva t ives  were ascer ta ined are p l o t t e d  i n  Appendix B 
Steady blade moments obtained from a Fourier  ana lys i s  o f  t h e  f lapping o f  a 
Consequently only a summary of t h e  r o t o r  de r iva t ives  p l o t t e d  versus 
An example of t h e  d a t a  
s i n g l e  blade are documented i n  Appendix C. 
Examples of t h e  da t a  from which t h e  r o t o r  moment response de r iva t ives  
were ex t r ac t ed  are shown i n  Figures 17 through 19 .  They present t h e  r o t o r  
p i t ch ing  and r o l l i n g  moments r e s u l t i n g  from t h e  app l i ca t ion  of c o l l e c t i v e  
p i t c h .  The da ta  on each f igu re  were obtained a t  one r o t o r  speed and four  
tunnel  v e l o c i t i e s .  The moments have been resolved from r o t a t i n g  t o  f ixed  
coordinates.  The p l o t t e d  values are moments which are r a d i a l l y  o f f s e t  3.3 
i n .  from t h e  cen te r  of r o t a t i o n .  Data taken at  A8 = 0 deg have been omitted 
where they  d e t r a c t  from t h e  c l a r i t y  o f  t h e  presentat ion.  
0 
These t h r e e  f igu res  a r e  t y p i c a l  o f  t h e  r o t o r  response d a t a  obtained 
during t h e  t e s t .  Each datum i s  t h e  average of t e n  samplings which were 
recorded at each t e s t  condition. The f i g u r e s  ind ica t e  t h a t  t h i s  da t a  
averaging method e f f e c t i v e l y  minimizes s c a t t e r  due t o  t h e  various sources of 
no ise .  The small band of s c a t t e r  which i s  de t ec t ab le  i s  due pr imari ly  t o  
wind tunne l  turbulence.  Had t i m e  permitted a longer sampling pe r iod ,  
v i r t u a l l y  a l l  s c a t t e r  would have been eliminated. The curves ind ica t e  t h a t  
t h e  r o t o r  response t o  c o l l e c t i v e  p i t c h  i s  very l i n e a r .  This i s  t o  be 
expected s ince  t h e  r o t o r  operated i n  a l i n e a r  two dimensional aerodynamic 
environment Blade t i p  Mach numbers were always low and blade angles were 
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Figure 17. Rotor P i tch  and Roll Response t o  Col lect ive P i t ch ,  
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Figure 18. Rotor P i tch  and Roll Response to Col lec t ive  P i t c h ,  
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Figure 19. Rotor P i tch  and Roll Response t o  Col lec t ive  P i tch ,  
Configuration 1, 800 R'PM (y=5.0, P=1.33) 
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an increase i n  t h e  rate o f  change of response with c o l l e c t i v e  p i t c h .  A t  a 
constant r o t o r  speed an increase i n  advance r a t i o  produces a corresponding 
increase i n  t h e  s t r eng th  of t h e  aerodynamic forces .  
All  o f  d a t a  shown i n  Figures 17 through 19 may be conveniently summarized 
by considering t h e  moment de r iva t ives  with r e spec t  t o  c o l l e c t i v e  p i t c h .  These 
are simply t h e  s lopes o f  t h e  M R - 8  and L - 8  curves. They are p l o t t e d  
versus advance r a t i o  f o r  t h e  t e s t e d  r o t o r  speeds i n  Figure 20. Several  
c h a r a c t e r i s t i c s  o f  t h e  r o t o r  response t o  a c o l l e c t i v e  p i t c h  e x c i t a t i o n  are 
apparent from t h e  p l o t .  The de r iva t ives  are not l i n e a r  functions o f  advance 
r a t i o ;  t h e  r o t o r  phase angle of response i s  not constant with advance 
r a t i o ;  and t h e  response decreases with r o t o r  r o t a t i o n a l  speed. The f i r s t  two 
c h a r a c t e r i s t i c s  may be explained by examining t h e  perio'dic aerodynamic forces  
a c t i n g  on a r o t o r  blade as it r o t a t e s  through i t s  a,zimuth range. 
Appendix A contains expressions f o r  t h e  nondimensional aerodynamic f lapping 
moments i n  terms o f  advance r a t i o  (p). Idea l i zed  two-dimensional theory i s  
assumed. It can be seen t h a t  t h e  various moments are functions o f  p , p 
and p . The aerodynamic damping and sp r ing  r e s t r a i n t  of t h e  f lapping a l s o  
vary with higher orders  of 1.1 which w i l l  a f f e c t  t h e  r o t o r  phase angle o f  
response. The decrease i n  r o t o r  moments a t  reduced r o t o r  speeds r e f l e c t s  a 
decrease i n  t h e  aerodynamic forces  a c t i n g  on t h e  blades.  
0 R o  
Table 6 of 
2 3  
4 
Figures 2 1  and 22 present  a summary o f  t h e  r o t o r  moment response 
de r iva t ives  with r e spec t  t o  long i tud ina l  and la te ra l  c y c l i c  p i t c h .  These 
curves were generated i n  exac t ly  t h e  same manner as t h e  c o l l e c t i v e  p i t c h  
summary da ta .  
+bo. 
pre-load on t h e  con t ro l  system and r o t o r .  The lower 0 value w a s  used at t h e  
two higher  forward v e l o c i t i e s .  I n  most cases t h e  r o t o r  w a s  i n i t i a l l y  
dis turbed from a trimmed condition. That i s ,  t h e  moments generated by t h e  
nominal c o l l e c t i v e  p i t c h  were trimmed before  t h e  c y c l i c  p i t c h  v a r i a t i o n s  
were made. 
t o  t h e  values required f o r  t r i m .  
The ranges of c y c l i c  p i t c h  t e s t e d  were approximately -4' t o  
0 A nominal c o l l e c t i v e  p i t c h  of ?.1 or ~ 0 . 5 '  w a s  maintained t o  e f f e c t  a 
0 
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Figure 20. Rotor Pi tching and Rolling Moment Derivatives with Respect 
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Figure 21. Rotor Pitching and Rolling Moment Derivatives with Respect 



























3 0 0.4 0.8 1 e 2  1.6 2.0 
Figure 22. Rotor Pi tching and Roll ing Moment Derivat ives  with Respect 




The r o t o r  response t o  long i tud ina l  c y c l i c  p i t c h  ( 0  i s  similar t o  t h a t  
S 
generated by c o l l e c t i v e  p i t c h .  Both 8 and 0 disturbances produce i d e n t i c a l  
maximum e x c i t a t i o n s  when t h e  r o t o r  blade i s  i n  t h e  90 deg azimuth pos i t ion .  
The r o t o r  response t o  la teral  c y c l i c  p i t c h  ( e  ) i s  shown i n  Figure 22. A t  a 
f ixed  r o t o r  speed t h e  response i s  not s t rong ly  a f f ec t ed  by forward speed. 
This i s  t h e  case because at t h e  zero azimuth p o s i t i o n ,  where a r o t o r  blade 
experiences i t s  maximum e x c i t a t i o n ,  t h e  blade t a n g e n t i a l  ve loc i ty  i s  due 
t o t a l l y  t o  r o t o r  r o t a t i o n .  The cause of  t h e  change i n  s ign  of t h e  r o l l i n g  
moment de r iva t ive  at 300 RPM i s  not obvious. It i s ,  however , pred ic t ab le  by 
0 S 
C 
t h e  theory  of  Appendix A as w i l l  be shown i n  Sect ion 7. 
The determination of t h e  response de r iva t ives  with respec t  t o  r o t o r  
sha f t  angle of a t t a c k  w a s  not as p rec i se  as t h a t  f o r  t h e  c y c l i c  and col-  
l e c t i v e  con t ro l  inputs .  The l ack  of a remote angle of  a t t a c k  c a p a b i l i t y  
l imi t ed  t h e  number of  angular v a r i a t i o n s  which could be t e s t e d .  
d i s c r e t e  s h a f t  angles were considered; Oo, -1.5 
po in ts  d id  not always form a s t r a i g h t  l i n e  as i l l u s t r a t e d  i n  Figure 23. The 
p i t ch ing  and r o l l i n g  moments are p l o t t e d  versus  incremental  geometric angle 
of a t t a c k  at one r o t o r  speed and four  tunne l  v e l o c i t i e s .  It i s  reasoned 
Ithat t h e  angle of  a t t a c k  which t h e  r o t o r  a c t u a l l y  experiences i s  not t h e  same 
as t h e  geometric angle .  
' t he  fuselage and appears a l s o  t o  be a func t ion  of t h e  geometric angle .  I n  
most cases t h e  n o n l i n e a r i t i e s  were not severe and average s lopes were used t o  
def ine  t h e  r o t o r  moment de r iva t ives .  A l l  of t h e  d a t a  lead ing  t o  t h e  angle of 
a t t a c k  de r iva t ives  a r e  p l o t t e d  i n  Appendix B. 
Three 
0 0 and -3 . The t h r e e  d a t a  
The d i s t o r t i o n  i s  probably caused by t h e  flow over 
I 
I 
The r o t o r  moments generated by an angle of a t t a c k  dis turbance a r e  
summarized f o r  configurat ion 1 i n  Figure 24. 
t h e  same as t h a t  used t o  summarize t h e  r o t o r  response t o  c o l l e c t i v e  and 
c y c l i c  p i t c h .  The de r iva t ives  are p l o t t e d  showing t h e  e f f e c t  of  both r o t o r  
speed and advance r a t i o .  
similar t o  t h a t  caused by both c o l l e c t i v e  p i t c h  and long i tud ina l  c y c l i c  p i t c h .  
The magnitudes a r e  genera l ly  lower however 
The format of t h e  f i g u r e  i s  
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Figure 23. Rotor P i t ch  and Roll Response t o  a Rotor Shaft  Angle of Attack 
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Figure 24. Rotor Pi tching and Roll ing Moment Derivat ives  with Respect 
t o  Rotor Shaft  Angle of Attack, Configuration 1 (r=5.0) 
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The lift of  t h e  r o t o r  r e s u l t i n g  from t h e  var ious exc i t a t ions  i s  shown 
i n  nondimensional de r iva t ive  form i n  Figure 25. 
t h e  same t i m e  as t h e  r o t o r  moment data were. 
blade loading c o e f f i c i e n t  C 
r a t i o .  The s e v e r a l  t e s t e d  r o t o r  speeds a r e  designated by d i f f e r e n t  symbols. 
The curves i n d i c a t e  t h a t  t h e  r o l e  o f  r o t o r  RPM as an independent va r i ab le  i s  
compensate by C 
because t h e  r o t o r  does not respond t o  t h e  e x c i t a t i o n  ( i . e . ,  a(C,/o)/aec = 0 ) .  
When consider ing t h e  curves o f  Figure 25 it i s  important t o  remember t h e  
These data were obtained at 
The lift i s  represented by t h e  
The de r iva t ives  are p l o t t e d  versus advance T/o 
The lift due t o  l a t e r a l  c y c l i c  p i t c h  i s  not shown T/o' 
condi t ions under which the  da ta  were obtained. The c o l l e c t i v e  p i t c h  vari- 
a t ions  were made at a constant  angle of a t t a c k  and constant cyc l i c  p i t c h  
s e t t i n g s .  Consequently t h e  a ( C  /o)/aO vs 1-1 curve does not represent  a 
trimmed r o t o r .  
s t a t e  of  t h e  r o t o r .  
made with both c o l l e c t i v e  and c y c l i c  p i t c h  he ld  constant at  approximately 
0 deg, producing the untrimmed condi t ions descr ibed by Figure 24. 
T 0 
The moment de r iva t ives  of  Figure 20 def ine  t h e  untrimmed 
I n  a similar fashion t h e  angle of a t t a c k  va r i a t ions  were 
I n  t h e  next s ec t ion  of  t h i s  document t h e  t e s t  r e s u l t s  w i l l  be compared 
with t h e o r e t i c a l  p red ic t ions .  One of  t he  items t o  be co r re l a t ed  i s  t h e  r o t o r  
coning angle.  While coning can be deduced from t h e  l i f t  data it i s  more 
c o r r e c t l y  obtained from a harmonic ana lys i s  of t h e  f l a p  bending moment of a 
s i n g l e  blade.  Such an ana lys i s  produced t h e  s teady r o t a t i n g  blade moments 
f o r  t h e  four  configurat ions p l o t t e d  i n  Appendix C. Asummary curve showing 
t h e  de r iva t ives  as a func t ion  of advance r a t i o  and r o t o r  speed f o r  configu- 
r a t i o n  1 c o n s t i t u t e s  Figure 26. 
p i t c h ,  l ong i tud ina l  c y c l i c  p i t c h  and r o t o r  s h a f t  angle of  a t t a c k  a re  shown. 
A s  ind ica ted  previous ly ,  r o t o r  l i f t  (and consequently s teady blade moment) i s  
independent of l a t e r a l  c y c l i c  p i t ch .  The only s i g n i f i c a n t  d i f f e rence  between 
r o t o r  d a t a  and blade d a t a  (beyond magnitude) i s  t h a t  d i s s i m i l a r  responses 
among t h e  four  blades are automatical ly  averaged i n  t h e  formation of t h e  
r o t  or moments 
The s teady blade response t o  c o l l e c t i v e  
A f t e r  t h e  t e s t s  designed t o  determine t h e  fundamental response character-  
i s t i c s  of a b a s i c  r o t o r  configurat ion were completed, a s e r i e s  of tes t  runs 
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Figure 2 5 ,  Rotor L i f t  Derivat ives  with Respect t o  Col lect ive P i tch ,  
Longitudinal Cyclic P i tch  and Rotor Shaft  Angle of Attack, 
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Figure 26 Steady Rotating Blade Moment Derivatives, 
Configuration 1 (y=5 .o) 
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the  model. 
r o t o r  l i f t  w a s  commanded by applying c o l l e c t i v e  p i t ch .  
moments were then trimmed by applying appropriate  cyc l i c  p i t ch .  
f l i g h t  condi t ions and r o t o r  l i f t  l e v e l s  were t e s t e d .  
t e s t s  f o r  configurat ion 1 a r e  shown i n  Figure 27 where t h e  c o l l e c t i v e  p i t c h ,  
l ong i tud ina l  and l a t e r a l  c y c l i c  p i t c h  combinations requi red  t o  maintain r o t o r  
t r i m  a r e  p l o t t e d .  
speed (550 RPM) and geometric r o t o r  s h a f t  angle of  a t t a c k  ( -3 ' ) .  
confirm t h e  l i n e a r i t y  of  t h e  r o t o r  response t o  c o l l e c t i v e  and c y c l i c  p i t ch .  
A nonl inear  v a r i a t i o n  of t h e  de r iva t ives  with respec t  t o  advance r a t i o  i s  
a l s o  ind ica ted .  
A t  a given s h a f t  angle of a t t a c k  and f l i g h t  condi t ion (V and OR), 
The r e s u l t i n g  
Several  
The r e s u l t s  of  t h e s e  
Several  advance r a t i o s  were t e s t e d  at  a constant  rotor 
The curves 
The t e s t  da t a  of Figure 27 may be used t o  v e r i f y  t h e  moment de r iva t ives  
eS,  and B e ,  summarized i n  Figures 20, 21 and 22. A t  a 
0 '  
with respec t  t o  0 
f ixed  advance r a t i o  and angle of  a t t a c k  t h e  angular de r iva t ives  a e s / 3 0 0  and 
38 / 3 B 0  can be determined by solving t h e  following two l i n e a r  equations 
simultaneously e 
C 
The i n t e r c e p t s  of t h e  8 - 8 and e o -  0 curves correspond t o  t h e  t r i m  c y c l i c  
p i t c h  values  when 8 The r o t o r  p i t ch ing  and r o l l i n g  moments at a = -3' 
a re  requi red  because t h e  angle of  a t t a c k  i s  not defined absolu te ly .  They may 
be found i n  Appendix B. 
determined by "f lying" t h e  model and by so lv ing  eqs 5 is shown i n  Figure 28. 
The coordinates and condi t ions o f  t h e  f i g u r e  a re  i d e n t i c a l  t o  those  of 
Figure 27 except da t a  a t  only two advance r a t i o s  a r e  compared. The t r i m  
r e s u l t s  deduced from t h e  moment de r iva t ives  a r e  ind ica t ed  by dashed l i n e s .  
Comparable r e s u l t s  obtained d i r e c t l y  by t e s t i n g  a r e  represented by symbols. 
The comparison i s  good. S l igh t  s c a t t e r  i s  seen i n  t h e  l a t e r a l  c y c l i c  p i t c h  
da ta .  This can be a t t r i b u t e d  t o  wind tunne l  turbulence which made r o t o r  t r i m  
d i f f i c u l t  t o  i d e n t i f y .  
0 S C 
= Oo.  
0 
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Figure 27. Cyclic Pi tch  Required for Rotor T r i m ,  Configuration 1, 
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Figure 28, Comparison of T r i m  Cyclic Pitch Determined by Test 
and by Implementation of Rotor Response Derivatives, 
Configuration 1, 550 RPM 
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The good comparison of t h e  data shown i n  Figure 28 g r e a t l y  enhances t h e  
v a l i d i t y  of t h e  r o t o r  response der iva t ives .  It ind ica t e s  t h a t  t h e  seve ra l  
s t eps  leading t o  t h e i r  determination d id  not e l imina te  any r e a l  r o t o r  response 
c h a r a c t e r i s t i c s .  
recorded at d i f f e r e n t  times during t h e  t e s t  suggests good r e p e a t a b i l i t y  i n  
t h e  da ta .  
That f a c t  t h a t  t h e  da t a  comprised i n  t h e  f igure  were 
The lift which was generated while t h e  r o t o r  w a s  "flown" i s  presented 
i n  Figure 29 where C /a i s  p l o t t e d  versus 0 f o r  s eve ra l  advance r a t i o s .  The 
cyc l i c  p i t c h  requi red  t o  t r i m  t h e  r o t o r  at t h e  various co l l ec t ive  p i t c h  values 
corresponds t o  t h a t  shown previously i n  Figure 27. The curves of Figure 29 
ind ica t e  t h a t  t h e  r o t o r  l i f t  capab i l i t y  at higher  advance r a t i o s  i s  reduced 
when r o t o r  t r i m  i s  maintained. A t  t h e  highest  advance r a t i o  (11- 0.96) t h e  
reduction i n  r o t o r  l i f t  due t o  t r i m  cyc l i c  p i t c h  i s  g rea t e r  than t h a t  pro- 
duced by c o l l e c t i v e  p i t c h .  
T 0 
The data of Figure 29 provide a check of t h e  l i f t  response der iva t ives  
, o f  Figure 25. 
{be  ca lcu la ted  from t h e  l i f t  der iva t ives .  
The s lopes of t h e  CT/a vs. 0 curves f o r  t h e  trimmed r o t o r  may 
0 .  
The s lope i s  simply 
where t h e  func t iona l  r e l a t ionsh ip  between 0, and 0, i s  defined i n  Figure 27. 
The values of t h e  trimmed a ( C  /a)/ae0 determined by tes t  agree s a t i s f a c t o r i l y  
with those  ca lcu la ted  using eq 6.  
T 
The comparison i s  shown i n  Figure 29. 
A t  t h i s  po in t  i n  t h e  discussion a l l  of  t h e  fundamental response test  
The data pe r t a in ing  t o  bas i c  r o t o r  configurat ion 1 have been considered. 
remaining t h r e e  configurat ions were t e s t e d  i n  an i d e n t i c a l  manner and 
summary curves showing t h e i r  response c h a r a c t e r i s t i c s  a r e  presented i n  
Figures 30 - 48. 
represent ing configurat ion 1. 
f igu ra t ion  var ied  but  t h e  q u a l i t y  of  t h e  da t a  remained unchanged. 
f a i l u r e  of t h e  s t r a i n  gages used t o  resolve r o t a t i n g  r o t o r  moments i n t o  
s t a t i o n a r y  coordinates occurred during t h e  t e s t i n g  of  configurat ion 2 e 
For t h e  most p a r t  t h e  curves a re  very similar t o  those 
The number of condi t ions t e s t e d  f o r  each con- 
The 
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Figure 29. L i f t  vs Col lec t ive  P i tch  fo r  the  Trimmed Rotor, 
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Figure 30. Rotor Pi tching and Rol l ing  Moment Derivatives with Respect 
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Figure 31. Rotor Pi tching and Roll ing Moment Derivatives with Respect 
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Figure 32. Rotor Pi tching and Roll ing Moment Derivat ives  with Respect 
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Figure 33. Rotor L i f t  Derivat ives  with Respect t o  Col lect ive Pi tch,  
Longitudinal Cyclic P i t c h  and Rotor Shaft  Angle of Attack, 
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Figure 34 e Steady Rotating Blade Moment Derivatives, 
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35. Rotor Pi tching and Rolling,Moment Derivatives with Respect 
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Figur l  36, Rotor Pitching and Rolling Moment Derivatives with Respect 
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Figure 37. Rotor Pitching and Rolling Moment Derivatives with Respect 
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Figure 38. Rotor Pi tching and Roll ing Moment Derivatives with Respect 
t o  A n g l e  of Attack, Configuration 3 (y=5.0) 
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Figure 39. Rotor L i f t  Derivatives with Respect t o  Col lec t ive  Pi tch,  
Longitudinal Cyclic P i t ch  and Rotor Shaft  Angle of Attack, 
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Figure 40. Steady Rotat ing Blade Moment Derivatives,  
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Figure 41. Cyclic P i tch  Required for Rotor T r i m ,  Configuration 3 ,  
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Figure 42, Rotor Pi tching and Rolling Moment Derivat ives  with Respect 
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Figure 43. Rotor Pitching and Rolling Moment Derivatives with Respect 
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Figure 44. Rotor Pi tching and Roll ing Moment Derivatives with Respect 
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Figure 45. Rotor Pitching and Rolling Moment Derivatives with Respect 
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Figure 46. Rotor L i f t  Derivat ives  wi th  Respect t o  Col lect ive P i tch ,  
Longitudinal Cyclic P i tch  and Rotor Shaft  Angle of Attack, 
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Figure 47. Steady Rotat ing Blade Moment Derivat ives  
Configuration 4 ('y=3.0) 
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Figure 48. Cyclic Pitch Required for Rotor Trim, Configuration 4, 
600 RPM,a=-3" ( ~ = 3 . 0 ,  P=1.51) 
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Con f i gur at ion 
1 
Consequently t h e  reader  w i l l  no te  t h a t  moment de r iva t ives  at only one r o t o r  
speed a re  presented and t h a t  similar de r iva t ives  with respec t  t o  s h a f t  angle 
of a t t a c k  a re  excluded. The acqu i s i t i on  of  l i f t  d a t a  w a s  not a f f ec t ed  by 
t h e  s t r a i n  gage f a i l u r e s  and a l l  such da ta  a r e  presented. It i s  noted t h a t  
t h e  missing response c h a r a c t e r i s t i c s  f o r  configurat ion 2 can be obtained from 
t h e  harmonic ana lys i s  of t h e  r o t a t i n g  blade f lapping  moment a 
RPM P p Range 
800 1 .33  O-tO.94 
ROTOR STABILITY TEST DATA 
The s t a b i l i t y  of configurat ions 1 and 2 were examined at t h e  conclusion 
of  t h e  response t e s t s .  Table 3 summarizes t h e  f l i g h t  conditions which were 
considered. 
TABLE 3 
ROTOR STABILITY TEST CONDITIONS 
( y  = 3.0) 
The t e s t  procedure cons is ted  simply of  increas ing  t h e  tunnel  ve loc i ty  i n  s m a l l  
increments while maintaining a constant r o t o r  r o t a t i o n a l  speed. 
p i t c h  s e t t i n g  of ' L O . 5  deg w a s  maintained and t h e  r o t o r  w a s  trimmed as 
required t o  reduce blade loads.  The r o t o r  blade f l a p  bending and to r s ion  
moments were continuously monitored for s igns  of an ' i n s t a b i l i t y .  
A c o l l e c t i v e  
For t h e  condi t ions t e s t e d  t h e  r o t o r  d i d  not exh ib i t  any c l a s s i c a l  s igns  
of  an approaching i n s t a b i l i t y .  The r o t o r  response w a s  almost always i n  a 
t r a n s i e n t  s t a t e  because of  t h e  wind tunnel  turbulence.  Ind ica t ions  of one- 
half-per-rev f lapping  frequencies and in t ege r  mult iples  thereof  could not 
be seen i n  t h e  f l a p  bending moment time h i s t o r i e s .  Large changes i n  f lapping  
and t o r s i o n  moments with moderate increases  i n  advance r a t i o  d id  not  occur. 
However, t h e  r o t o r  d id  become s e n s i t i v e  t o  t h e  tunnel  turbulence.  Large 
78  
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t r a n s i e n t  f lapping response ( i e e e ,  maximum allowable blade s t r e s s e s )  t o  t h e  
turbulence l i m i t e d  t h e  t e s t i n g  t o  tunnel  dynamic pressures  of 100 psf or less. 
. An i n t e r e s t i n g  phenomenon occurred during t h e  s t a b i l i t y  t e s t i n g  of  con- 
f igu ra t ion  1 at 800 RPM. 
at t h e  higher  advance r a t i o s .  The occurence w a s  f irst  observed a t  p= 0.80. 
The spread increased with increas ing  forward ve loc i ty  and w a s  approximately 
2 i n .  at t h e  r o t o r  t i p  a t p =  0.94. 
ping moment time h i s t o r y  ind ica ted  t h a t  t h e  s p l i t  w a s  not caused by a one- 
half-per-rev f lapping  o s c i l l a t i o n .  
low it i s  unl ike ly  t h a t  t h e  Sikorsky experience (Ref. 4) with s p l i t  t i p  pa th  
planes i s  appl icable .  The blade t i p s  w i l l  be color  coded f o r  t he  Phase 2 
t es t  and a color movie of t h e  phenomenon taken so t h a t  t h e  nature  of t h e  r o t o r  
motion can be more e x p l i c i t y  defined. 
A s p l i t t i n g  of t h e  r o t o r  t ip -pa th  plane w a s  observed 
An examination of t h e  r o t a t i n g  blade f lap-  




COMPARISON OF THEORY AND TEST DATA 
The mathematical model descr ibed i n  Appendix A has been used t o  p red ic t  
t h e  dynamic c h a r a c t e r i s t i c s  of t h e  model r o t o r  at high advance r a t i o s .  A 
comparison of  t h e  t h e o r e t i c a l  r e s u l t s  with t h e  t e s t  da t a  w i l l  be shown i n  
t h i s  sec t ion .  Both r o t o r  s t a b i l i t y  and constant  and f irst  order  s teady s t a t e  
response w i l l  be considered. Theore t ica l  s teady s t a t e  r o t o r  response w a s  
determined from a Fourier  ana lys i s  of blade f lapping .  S t a b i l i t y  w a s  ascer-  
t a ined  using t h e  Floquet S t a t e  Trans i t ion  Matrix approach. 
Before any comparison can be accomplished it i s  necessary t o  descr ibe t h e  
r o t o r  and t h e  t e s t  da t a  i n  nondimensional terms. For purposes of comparing 
with t h e  s t a t e d  theory ,  t h e  r o t o r  i s  descr ibed by i t s  nondimensional f lapping  
frequency, P ,  and i t s  Lock number, Y. The values  f o r  t hese  parameters f o r  
a l l  bas i c  r o t o r  configurat ions a t  t h e  t e s t e d  r o t o r  speeds have been l i s t e d  
previously i n  Tables 2 and 3. 
The t e s t  da t a  can be nondimensionalized by c a l c u l a t i n g  t h e  f i r s t  order  
blade f lapping angle from t h e  r o t o r  moments and r o t o r  s t i f f n e s s .  The s t i f f -  
ness K e y  has been ca l cu la t ed  a n a l y t i c a l l y  using t h e  same coupled aerostruc-  
tures response ana lys i s  used t o  c a l c u l a t e  blade n a t u r a l  f requencies .  
K e  has t h e  dimensions in.-lb/deg 
d e f l e c t i o n  a t  the  3/4 r a d i a l  p o s i t i o n  a s soc ia t ed  wi th  the  f i rs t  f lap bending 
mode, 
func t ion  of r o t o r  speed. 
and i s  ca l cu la t ed  f r o m t h e  s h a f t  moment and 
Figure 49 p resen t s  the  stiffness of t h e  fou r  rotor conf igura t ions  as a 
The r o t o r  moments recorded during t h e  t e s t  w e r e  sensed by s t r a i n  gages 
which were r a d i a l l y  o f f s e t  from t h e  cen te r  of  r o t a t i o n .  Therefore t h e  s t i f f -  
ness values  of Figure 49 a r e  not  d i r e c t l y  appl icable .  
by t h e  r a t i o  of t h e  b lade  bending moment at t h e  loca t ion  of  t h e  s t r a i n  gages 
t o  t h e  moment at t h e  cen te r  of r o t a t i o n .  The blade r a d i a l  bending moment 
d i s t r i b u t i o n s  i n  hover for t h e  four b a s i c  r o t o r  configurat ions a r e  shown i n  
They must be reduced 
Figure 50 at 
i n  Figure 49 
t h r e e  r o t o r  speeds,  By modifying 
according t o  t h e  d i s t r i b u t i o n s  of 
t h e  r o t o r  s t i f f n e s s e s  shown 
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s t i f f n e s s e s  are ava i l ab le .  The adjusted s t i f f n e s s e s  required t o  reduce a l l  










RADIALLY OFFSET ROTOR AND BLADE STIFFNESS 
Configuration 
1 
Ke gages a t  3.3 i n .  
KB gage a t  2.3 i n .  
2 
KO gages at 3.3 i n .  
KB gage a t  2.3 i n .  
3 
Ke gages a t  3.9 i n .  
K B  gage a t  3.0 i n .  
4 
Ke gages a t  3.9 i n .  



















KO @ 3.3 I n .  
o r  3.9 In .  
( i n .  -lb/deg) 
K B  @ 2.3 In .  
o r  3.0 I n .  





















With t h e  f lapping  angle conventionally def ined as 
B = a  - a  c o s $ -  bl s i n $ - .  . . . 0 1  
t h e  fo re -a f t  ( a  ) and lateral  (b  ) t i l t s  of  r o t o r  a r e  ca l cu la t ed  from t h e  
t e s t  da ta .  
1 1 
where r i s  t h e  r a d i a l  pos i t i on  of t h e  s t r a i n  gages. 
The s t i f f n e s s  d a t a  and bending moment d i s t r i b u t i o n s  of  Figures 49 and 
50 can a l so  be used t o  reduce r o t a t i n g  blade f l a p  bending moments t o  
nondimensional form. One must simply recognize t h a t  t h e  blade s t i f f n e s s ,  
K Consequently, blade coning ( a  ) 
can be computed from t h e  s teady blade f lapping  moment. 
i s  one-half t h e  rotor s t i f f n e s s ,  K O .  8’ 0 
a 0 = MB (@sta r ) / K B  (@sta r) ( 9 )  
0 
Required K - values  a r e  a l s o  t abu la t ed  i n  Table 4. B 
An a l t e r n a t e  method of  non-dimensionalizing t h e  t e s t  data i s  t o  ad jus t  
t h e  measured moment de r iva t ives  t o  t h e  r o t o r  s h a f t  according t o  t h e  d i s t r i b u -  
t i o n s  of Figure 50 and nondimensionalize by t h e  r o t o r  s t i f f n e s s e s  of Figure 
49. 
which compute s h a f t  moments t h e  experimental  response de r iva t ives  have been 
ad jus ted  t o  t h e  cen te r  of r o t a t i o n .  They are t abu la t ed  i n  Table 5 .  
A s  an a i d  t o  those  p re fe r r ing  t h i s  l a t t e r  method and ana lys i s  techniques 
The t h e o r e t i c a l  constant and f i rs t  order  r o t o r  f lapping  response i s  com- 
pared with t e s t  d a t a  i n  t h e  1 2  f igu res  t h a t  follow. The format of  t h e  curves 
i s  t h e  same as t h a t  used f o r  t h e  p re sen ta t ion  of t h e  t e s t  d a t a  except angular 
de r iva t ives  with respec t  t o  t h e  s e v e r a l  exc i t a t ions  a r e  shown i n s t e a d  of 
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where a c o l l e c t i v e  p i t c h  e x c i t a t i o n  i s  used as an example. Theoret ical  pre- 
d i c t ions  are ind ica t ed  by dashed l i n e s  and t e s t  d a t a  by symbols. The 
de r iva t ives  are p l o t t e d  versus advance r a t i o  f o r  several values o f  P, Recal l  
t h a t  P i s  t h e  nondimensional f lapping frequency and depends upon t h e  r o t o r  
r o t a t i o n a l  speed and t h e  f lapping r e s t r a i n t .  It i s  noted t h a t  t h e  t h e o r e t i c a l  
r e s u l t s  i n d i c a t e  t h a t  within t h e  t e s t e d  advance r a t i o  range, blade t o r s i o n  
has a neg l ig ib l e  e f f e c t  on f lapping.  Measured blade t o r s i o n a l  moments con- 
f i r m  t h i s  conclusion. 
The theory and t h e  t e s t  d a t a  agree w e l l  f o r  configuration 1. Figures 
51  t o  54 show both t h e  t h e o r e t i c a l  and experimental r o t o r  response deriva- 
t i v e s  with respect  t o  c o l l e c t i v e  p i t c h ,  r o t o r  s h a f t  angle of a t t a c k ,  
l ong i tud ina l  c y c l i c  p i t c h  and l akera l  c y c l i c  p i t c h .  Generally t h e  q u a l i t y  
of t h e  c o r r e l a t i o n  i s  cons i s t en t  among t h e  four f i g u r e s .  The agreement dete- 
r i o r a t e s  s l i g h t l y  with reduced P p a r t i c u l a r i l y  with regard t o  l a t e ra l  r o t o r  
tilt (bl) . A l l  t r e n d s ,  however, a r e  predicted exce l l en t ly .  
The comparison of t e s t  d a t a  and. theory f o r  configurat ion 2 y ie lded  
approximately t h e  same q u a l i t y  o f  c o r r e l a t i o n  obtained f o r  configuration 1. 
Because of t h e  l i m i t e d  amount of t e s t  d a t a  descr ibing t h e  response charac- 
t e r i s t i c s  o f  configurat ion 2 and i n  t h e  i n t e r e s t  o f  b r e v i t y ,  t h e  comparison 
i s  not shown. 
The c o r r e l a t i o n  of theory and t e s t  d a t a  s u f f e r s  somewhat when configu- 
r a t i o n  3 i s  considered. The coning, fo re -a f t  and la teral  response de r iva t ives  
with respect  t o  t h e  several e x c i t a t i o n s  are compared with t h e o r e t i c a l  pre- 
d i c t ions  i n  Figures 55 t o  58. The fore-af t  r o t o r  tilt compares w e l l  f o r  a 
a and 8 e x c i t a t i o n s .  The la teral  r o t o r  response t o  these  e x c i t a t i o n s ,  
however, i n d i c a t e s  t h a t  t h e  tes t  d a t a  t end  t o  be more conservative than t h e  
t h e o r e t i c a l  p red ic t ions .  For t h e  r o t o r  response t o  l a te ra l  c y c l i c  p i t c h ,  
0’ 
S 
t h e  opposite i s  t r u e .  The experimental and t h e o r e t i c a l  l a te ra l  tilt 
compare w e l l  and t h e  fore-af t  tilt does not .  The d e t e r i o r a t i o n  i n  t h e  corre- 
l a t i o n  with reduced P which w a s  observed f o r  configurat ion 1 i s  a l s o  noted 
f o r  configurat ion 3. Despite t h e  disagreement i n  t h e  magnitudes of t h e  pre- 
d i c t ed  and a c t u a l  response,  t h e  t r ends  with both advance r a t i o  and f lapping 






















CONFIGURATION 1 (Y = 5) 
A 800RPM ( P =  1.33) 
0 550RPM ( P =  1.56) 
0 300 RPM, (P  = 2.32) I--- THEORY 
0 0.4 0.8 1.2 1.6 2.0 
Figure 51. Comparison of Theoret ical  and Experimental Rotor 
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Figure 52, Comparison of Theore t ica l  and Experimental Rotor 
Response Derivat ives  wi th  Respect t o  Rotor Shaft  





















0 550 RPM (P = 1.56 
0 300 RPM (P = 2.32 
THEORY --- 
0 0.4 0.8 1.2 1.6 2.0 
Figure 53. Comparison of Theoret ical  and Experimental Rotor 
Response Derivatives with Respect t o  Longitudinal 










0 0.4 0.8 1.2 1.6 2.0 
Figure 54. Comparison of Theoret ical  and Experimental Rotor 
Response Derivat ives  with Respect t o  La te ra l  
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Figure 55. Comparison of Theoretical and Experimental Rotor 
Response Derivatives with Respect to Collective 






CONFIGURATION 3 ( Y =  5.0 
8 400 RPM (P = 2.39) 
0 650 RPM (P = 1.73) 







0 0.2 0.4 0.6 0.8 1 .o 
Figure 56. Comparison of Theoret ical  and Experimental Rotor 
Response Derivat ives  with Respect t o  Rotor Shaft  
















0 0.2 0.4 0.6 0.8 1 .o 1.2 
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Figure 57. Comparison of Theoretical and Experimental Rotor 
Response Derivatives with Respect to Longitudinal 













0.4 0.6 0.8 1 .o 1.2 
Figure 58. Comparison of Theore t ica l  and Experimental Rotor 
Response Derivat ives  with Respect t o  La te ra l  Cyclic 
P i tch ,  Configuration 3 
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The comparison of theory and t e s t  da t a  f o r  configurat ion 4 i s  shown i n  
Figures 59 t o  62. 
configurat ion 3. 
The general  agreement i s  t h e  same as t h a t  obtained f o r  
It has been shown t h a t  t he  theory and tes t  da t a  agree wel l  f o r  configu- 
r a t ions  1 and 2 and "not so well" f o r  configurat ions 3 and 4. 
t h a t  t h e  nominal Lock number, y:, and t h e  nondimensional f lapping frequency, 
P ,  may not always s u f f i c e  t o  descr ibe t h e  physical  r o t o r .  The fundamental 
d i f fe rence  between configurat ions 1 and 2 and configurat ions 3 and 4 i s  t h e  
s t i f f n e s s  of t h e  root  bending r e s t r a i n t .  In  t h e  mathematical model t h i s  w a s  
r e f l e c t e d  t o t a l l y  by a change i n  P. The s t i f f n e s s  of t h e  r e s t r a i n t  a l so  has 
another e f f e c t  which i s  not accounted f o r  i n  t h e  mathematical model. The 
shape of t h e  first f l a p  bending mode of an e l a s t i c  blade i s  s t rongly  i n f l u -  
enced by i t s  r a d i a l  s t i f f n e s s  d i s t r i b u t i o n .  The change i n  t h e  mode shape 
caused by interchanging s o f t  and s t i f f  f lexures  i s  shown i n  Figure 63. 
immediately obvious t h a t  t h e  mathematical descr ip t ion  of f lapping ( i . e . ,  r i g i d  
blade which f l a p s  about a c e n t r a l l y  arranged hinge)  represents  t h e  s o f t  
f lexure  b e t t e r  than t h e  stiff f lexure .  
ca tes  t h a t  an adequate mathematical descr ip t ion  may requi re  an o f f s e t  
f lapping hinge or  t h e  inc lus ion  of  t h e  first f l a p  bending mode shape i t s e l f .  
A change of t h i s  nature  would be expected t o  modify t h e  damping of t h e  f l ap -  
ping motion and i n  t u r n  t h e  s teady-s ta te  f lapping response. 
This ind ica tes  
It i s  
The s t i f f  f lexure  mode shape ind i -  
THEORETICAL STABILITY BY MATRIX FLOQIJET THEORY 
The s t a b i l i t y  of t h e  Lockheed/AARL High Advance Ratio Rotor Model w a s  
examined t h e o r e t i c a l l y  us ing  Matrix Floquet Theory. 
Theory i s  t h a t  a q u a n t i t a t i v e  measure o f  t h e  s t a b i l i t y  of l i n e a r  equations 
with per iodic  c o e f f i c i e n t s  can be obtained. One can determine whether a 
system i s  s t a b l e  or unstable  from a t i m e  h i s t o r y  so lu t ion  but  can obta in  only 
a q u a l i t a t i v e  measure of  t h e  degree of  s t a b i l i t y .  A b r i e f  desc r ip t ion  of t h e  
implementation of t h e  method w i l l  be presented here.  
t o  References 5 and 6 f o r  a more r igorous discussion of t h e  theory.  
The advantage of Floquet 
The reader i s  r e f e r r e d  
For t h e  i n i t i a l  i nves t iga t ions  both t h e  blade f lapping and t h e  blade 



















0 600 RPM (P= 1.51) 
0 0.2 0,4 0.6 0.8 1 .o 
Figure 59. Comparison of Theoret ical  and Experimental Rotor 
Response Derivatives with Respect t o  Col lect ive 
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0 600 RPM (P= 1.51) 
0 750 RPM (P = 1.40) 
w - 0  THEORY c------- 
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0 0.2 0.4. ' 0.6 0.8 1 .o 
Figure 60. Comparison of Theoretical and Experimental Rotor 
Response Derivatives with Respect to Rotor Shaft 











CONFIGURATION 4 ( Y =  3.0) 
0 60ORPM ( P =  1.51) 
0 750 RPM ( P =  1.40) 
_._.._ THEORY 
0 0.2 0.4 0.6 0.8 1 .O 
Figure 61. Comparison of Theoretical and Experimental Rotor Response 














CONFIGURATION 4 ( Y =  3.0 
0 600 RPM (P = 1.51) 
0 0.2 0.4 0.6 0.8 1.0 
Figure 62. Comparison of Theoretical and Experimental Rotor 
Response Derivatives with Respect to Lateral Cyclic 
Pitch, Configuration 4 
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Figure 63. Ef fec t  of Flexure S t i f f n e s s  on F i r s t  Flap Bending Mode Shape 
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t h a t  within t h e  advance r a t i o  range of i n t e r e s t  t h e  t o r s i o n a l  degree of f ree-  
dom had a neg l ig ib l e  e f f ec t  on t h e  r e s u l t s .  
high t o r s i o n a l  s t i f f n e s s  of t h e  blade.  
considering only t h e  f lapping degree of freedom. 
freedom g r e a t l y  s impl i f ies  t h e  discussion of t h e  method without compromising 
i t s  gene ra l i t y ,  blade t o r s i o n  w i l l  not be included i n  t h e  following discussion.  
This can be a t t r i b u t e d  t o  the  
Succeeding ca lcu la t ions  were made 
Since a s ing le  degree of  
The equation of motion f o r  blade f lapping i s  derived i n  Appendix A. 
Since s t a b i l i t y  i s  t o  be considered, only t h e  homogeneous equation i s  of 
i n t e r e s t  a 
It i s  convenient t o  s impl i fy  e q  11 s l i g h t l y  by e l imina t ing  t h e  parameter Q. 
This may be accomplished by considering de r iva t ives  with respect  t o  $ ( i . e . ,  
$ = a t )  r a t h e r  than t i m e .  With 
and 
e q  11 may be r ewr i t t en  as ( a f t e r  mult iplying by y ) 
2 




= d  - 
d$ 
Eq 14 must be expressed i n  canonical form. Let 
XI = B 
x2 





an6 eq 14 and eq 17 can be co l l ec t ed  i n  matrix form. 
The so lu t ion  t o  eq 18 at  any $ can be expressed i n  terms of t h e  s t a t e  
t r a n s i t i o n  matr ix  L(J17. ) and i n i t i a l  values  of  t h e  s t a t e  va r i ab le s  &(T). 
t h  The ba r  under a symbol ind ica t e s  a matrix.  i s  a square matr ix  whose i 
column contains  t h e  so lu t ion  t o  eq  18  ( a f t e r  one per iod of  t h e  c o e f f i c i e n t s )  
with t h e  i n i t i a l  condi t ion 
The s t a b i l i t y  of  t h e  l i n e a r  system, eq 18, i s  r e f l e c t e d  by t h e  eigen- 
va lues ,  X 
i n  f ami l i a r  terms by 
of t h e  s t a t e  t rans . i t ion  matr ix  A. The eigenvalues a r e  expressed 
4)’ 
= - 1Re(lnh@) 
= - 1 Im(lnXo) 
T Damping Constant 
Frequency T 
where T i s  t h e  per iod of t h e  coe f f i c i en t s  C ( $ )  and K($). 
The t h e o r e t i c a l  s t a b i l i t y  of configurat ions 1 and 2 a r e  shown i n  Figure 
64 and Figure 6 5 e  
f o r  values of P corresponding t o  t h e  t e s t e d  r o t o r  speeds. Both t h e  frequency 
and damping a re  nondimensional. The curves i n d i c a t e  t h a t  t h e  r o t o r  f lapping  
motion w i l l  become uns tab le  i f  t h e  advance r a t i o  i s  s u f f i c i e n t l y  high.  The 
frequency of  t h e  unstable  motion i s  always at an in t ege r  mult iple  of  one-half 
t h e  r o t o r  r o t a t i o n a l  frequency, 
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Figure 65. Theoret ical  Flapping S t a b i l i t y  by Floquet Theory 
LOCKHEED 
C n l  I F O P N I A  c M P A N "  
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The t h e o r e t i c a l  s t a b i l i t y  ana lys i s  t a c i t l y  agrees with t h e  t es t  r e s u l t s .  
That i s ,  t h e  ana lys i s  i nd ica t e s  t h a t  within t h e  t e s t e d  advance r a t i o  ranges 
ind ica t ions  of an approaching i n s t a b i l i t y  should not be v i s i b l e .  
t h e  ana lys i s  shows t h e  damping of  t h e  f lapping motion increasing with forward 
speed, implying g rea t e r  f lapping s t a b i l i t y .  




The first phase of the Lockheed/AARL High lvance Ratio Research Program 
has provided an excellent experimental foundation for the study of the 
dynamic characteristics of hingeless rotors. Steady state response 
characteristics have been obtained for an array of rotors, each defined by 
a discreet combination of Lock number and flapping frequency. The data 
cover advance ratios ranging from 0 to 1.75. The stability of several rotor 
configurations has also been examined for advance ratios as high as 1-1 = 2.15. 
No instabilities or indications of approaching instabilities were observed. 
The acquisition of good test data has facilitated the evaluation of a 
relatively simple mathematical model. Generally the model predicts steady 
rotor response satisfactorily when the first flap bending mode shape of the 
blade is reasonably represented by a rigid blade which flaps about the 
center of rotation. The indication is that the mathematical model may be 
improved if blade flapping is represented by a first bending mode shape. The 
theoretical stability of the model tacitly agrees with the test data to the 
extent that within the tested advance ratio range, indications of an 
instability are not predicted. 
During the second phase of the program the model will be equipped with 
a moment feedback control system which automatically compensates external 
one-per-rev rotor disturbances. A soft flexure configuration without the 
tip weight will be tested. 
the rotor flapping model in Appendix A coupled with appropriate control 
system equations e 
and frequency response of the closed loop rotor and control system. 
frequency response of the isolated rotor will also be obtained. These data 
will be compared with theoretical predictions. 
response of the isolated rotor can be used to evaluate any feedback control 
system which may be of interest. 
The system will be analyzed theoretically using 
Test data will include stbady state response characteristics 
The 
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OUTLINE AND DISCUSSION OF THEORY 
The mathematical model used to generate the theoretical rotor response 
characteristics which were compared with test data in Section 7 is described 
in this Appendix. The various aerodynamic functions involved are derived as 
are the equations of motion for blade flapping and torsion. The theory covers 
the advance ratio range, 0 ( I~CW.  The development is identical with those 
of References 1 and 2. It is repeated here for the convenience of the 
reader. Comprehensive discussions of the ramifications of the theory are 
contained in the original publications. 
DESCRIPTION OF MATHEMATICAL MODEL 
The rotor blades are assumed to be rigid in bending, elastic in torsion 
and connected to an inelastic control system. They flap about a centrally 
arranged flapping hinge with spring restraint. 
hypothetical restraint is selected such that the rigid blade flapping 
frequency coincides with that of the first flap-bending mode of the elastic 
blade being represented. A torsional restraint is chosen in a similar manner 
with the spring rate based upon the 1st torsion mode frequency. The two 
degrees of freedom considered are the flapping angle B and the torsional 
deflection of the blade tip, 6. 
expressed as (/I where 4 = (p (x) is a normalized mode shape for torsion. 
simplicity, the numerical calculations are based on $I = x, i.e., a linear 
torsional deflection has been assumed. 
The spring rate of the 
The radial distribution of blade torsion is 
For 
The equation of motion for blade torsion postulates that the blades are 
balanced chordwise. This means that the cg and elastic axis coincide with the 
25% chord line., The airfoil section extends from the center of rotation to 
the blade tip. The investigations are based on classical rotor theory, ieee, 
blade stall, Mach number effects and deviations from a uniform induced 
velocity field are ignored. With the exception of the damping of blade 
feathering and torsion steady-state aerodynamic theory is used, 
108 
LR 24122 
FLOW Rl3GIONS AND BASIC LIFT EQUATIONS 
During i t s  r o t a t i o n  a blade operat ing a t  advance r a t i o s  g rea t e r  than 





Type of Flow 
Normal 
Mixed 
Reve r s e d 
Figure 66. Flow Regions Encountered by Blade 
In normal flow t h e  air  approaches the  b lade  element from the  leading edge 
and i n  reversed flow from t h e  t r a i l i n g  edge of t h e  b lade .  I n  t h e  case of 
mixed flow, region 2,  t h e  blade elements from x = 0 t o  x = - usin$ operate  
i n  reversed flow and those from x = - VsinJI 
The angle E which def ines  t h e  azimuthal expanse of region 2 is  given by 
t h e  equation 
t o  x = B operate i n  normal flow. 
s ine  = B/p ( A I )  
From Figure 66 it can be  seen t h a t  region 3 e x i s t s  i f  p B .  
r a t i o s  l e s s  than B ,  region 2 covers t h e  whole r e t r e a t i n g  ha l f  of t h e  r o t o r  
d i s c ,  i . e . ,  it extends from $ = T t o  4 = 27~ .  
For advance 





lift coefficient C 
rotor theory, the following assumptions are made for the 
of a blade element. 
U =-a ( $ ? + E l +  A O )  
cL T 
reversed flow 
In these equations the nondimensional velocity components U UT and P’ 
the pitch setting 0 of 3, blade element are defined as: 
A0 = $16 represents the pitch of a blade element due to torsion 
BLADE FLAPPING 
The equation of motion for blade flapping is expressed as 
( A 7 )  
2 2  .. 1 4 2  
2 R p a c m - I I B - I L P  s2 $ = 0  
where m = 
is the nondimensional aerodynamic flapping moment. Substituting $I 6 for 
AO and eqs A b ,  A 5 ,  A 6  into eq A 8  leads to 
,l 
T 2 X d x + 0  
x cos$ dx 
C T x sin$ dx + 0 




Region 1 m = 1 
(All) psin$ Region 2 m = 2 
(A12 B = '"1 Region 3 9 = 
0 
For convenience t h e  aerodynamic f lapping moment m ( e q  A9) i s  r ewr i t t en  as 
m ($1 = f ($1  + 6m6 ($1 - BK($) - ( i / n )c ($>  (A13) 
where t h e  term 
summarizes t h e  forc ing  funct ions due t o  inflow, blade t w i s t ,  c o l l e c t i v e  and 
cyc l i c  p i t ch .  
The second t e r m  of eq  A13 accounts f o r  t h e  e f f e c t  of blade to r s ion .  
The quan t i t i e s  K($) and 
0 '  t 
For 
t h e  mode shape + = x, m i s  i d e n t i c a l  with m 
C ( + )  i n  eq A l 3  represent  aerodynamic spr ing and damping moments. 
aerodynamic funct ions involved change pe r iod ica l ly  with t h e  azimuth angle.  
They have been ca lcu la ted  and a r e  given i n  Table 6. 
r e f e r  t o  t h e  f low,reg ions ,  
of those f o r  regiop 1 ( e q  A12), they have not been l i s t e d  separa te ly .  
6 
A l l  
The subscr ip ts  1, 2 
Since t h e  equations f o r  region 3 a r e  t h e  negative 
4 
Dividing m (4) as defined by eq  A 1 3  by R cap/2 leads  t o  t he  f lapping 
equation of motion. 
Numerical ca l cu la t ions  ind ica t e  t h a t  a t  high values  of 1.1 a change i n  
r o t o r  angle of a t t a c k  and t h e  r e s u l t i n g  change i n  r o t o r  t h r u s t  have a minor 
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TABLE 6. CHAUCTERISTIC FUNCTIONS FOR BLADE FLAPPING 
1 3  1 2 2  
3 c1 = - B p cos $ + '4 B p sin 2JI 
1 c = K + p4 (- & sin 2+ + 24 sin 
2 1  
1 4  1 3  = - B  + - B p s i n $  -,1 4 3 
1 1 - - cos 2$ + 48 cos 4qJ 
1 2  m = B3 + - B p sin$ 1 3  2 
1 1 m = m + p3 (- sin$ + 12 sin 3 + 2 1  




1 1  m = m + p4 ( - + - cos 2$ - - cos 4$ 2 1  - 16 1 2  
m =(' B5 + p sin qJ - 'B3p2 cos 2qJ 1 5  6 
1 m = m + p 5  ($4 sin $ - - sin 3+ + & sin 5$ 2 1  48 
1 3  ( 1 4  3 2 2 )  1 3  m = - B p + - B + 8 B p sin$ - - B p cos 24, - $ ~ ~ 1 - 1 ~  sin 31 1 3  4 3 
5 1 
96 96 
5 sin + + - sin 3 q~ - - sin m = m  + p  
2 .1 




effect on the mean induced flow. In this case the forcing function repre- 
senting a change in rotor angle of attack can be expressed as 
a = I-lmA 
where Am 
ratio A. 
is the nondimensional excitation due to a change in the inflow A 
Eq Al5 represents a Hill-type equation of motion with periodic 
coefficients which depend upon the advance ratio. 
the spring and damper characteristics. They will be discussed briefly 
According to eg A15 there are two spring rates involved, a constant and a 
periodic term. 
the centrifugal forces and of the hypothetical spring. 
K ($1, is of aerodynamic origin. 
shown in Figure 67. 
Of special interest are 
The constant term, z P 2 ,  summarizes the spring effect of 
Y 
The periodic term, 
Its variation with the azimuth angle is 
Figure 67. Effect of Advance Ratio on Aerodynamic Spring Rate 
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A s  can be seen, f o r  1-1 > o t h e  aerodynamic fo rces  have a negative spr ing  
1 3 
- 2 e f f e c t  i n  t h e  azimuth range ? I T <  J, < - IT , i.e., a t  t h e  f r o n t  h a l f  of t h e  
r o t o r  d i sc .  
increasing advance r a t i o .  The minimum instantaneous aerodynamic spr ing 
occur s ' a t  J, 2, 140°. 
The amplitude of t h e  per iodic  v a r i a t i o n  increases  g r e a t l y  with 
2 2  Depending upon t h e  magnitude of - P and t h e  advance r a t i o ,  t h e  blade 
Y 
may or may not encounter azimuth regions with a r e s u l t i n g  negative spr ing 
r a t e .  According t o  eq A15 t h e  t r a n s i e n t  spr ing rate subsides t o  zero i f  
P2 
Y 
= -( 1 B3ucos 140° + 1 B2p2sin 2800) z- 8 - or i f  
The ($/Y) value given by eq A18  has been ca l cu la t ed  and i s  shown i n  Figure 68 
as a func t ion  of t h e  advance r a t i o .  
r evea l s ,  f o r  ins tance ,  t h a t  f o r  a blade with 
The curve which is  based on B = 0.97 
P = 1.15 
~ = 6  
- 0.22 P2 - _  
Y (A19 
negative t r a n s i e n t  spr ing  e f f e c t s  come i n t o  t h e  p i c t u r e  a t  advance r a t i o s  
p>0.96. 
blade a t  higher advance r a t i o s  a r e  one of t h e  main sources f o r  t h e  f lapping 
i n s t a b i l i t i e s  t h a t  may occur.  
Analyses ind ica t e  t h a t  t h e  negat ive spr ing r a t e s  encountered by t h e  
With regard t o  t h e  damping c o e f f i c i e n t  C ( J , )  of eq A15 t h e  following 
statements can be made. (Figure 6 9 ) .  For 1-1 = b ,  C ( 4 )  i s  constant .  The 
per iodic  content increases  with increasing advance r a t i o .  It should be 
noted, however, t h a t  C ( J , )  always remains p o s i t i v e .  
f lapping motion i s  always damped although, a t  t imes,  t h e  damping may subside 
t o  near ly  zero,  

















. 4  
0 
p =  2.4 
p = 2 . 4  
90 180 270 360' *- 
Figure 69, E f f e c t  of Advance Rat io  on Damping Coeff ic ient  
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To show t h e  t y p i c a l  v a r i a t i o n  of a fo rc ing  funct ion with t h e  advance r a t i c  
t h e  f lapping e x c i t a t i o n  due t o  a change i n  r o t o r  s h a f t  angle of a t t a c k ,  
m, ( $ )  has been p l o t t e d  i n  Figure 70. Both t h e  constant and per iodic  content 
increase with increasing advance r a t i o .  Due t o  t h e  per iodic  v a r i a t i o n  of t h e  
spring r a t e ,  K($), t h e  blade responds t o  a constant e x c i t a t i o n  wi th  a 
per iodic  response f o r  p>O. 
90 180 zm 360' 




According t o  c l a s s i c a l  unsteady aerodynamic theory a f ea the r ing  v e l o c i t y  
r e s u l t s  i n  two l i f t  components; one a c t s  a t  t h e  25-percent, and t h e  other  
a t  t h e  75-percentY chord l i n e .  The former has no damping e f f e c t s  and can be 
disregarded. The l a t t e r  amounts t o  
and generates a f ea the r ing  moment 
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The quant i ty  C6 i n  eq A22 i s  a damping c o e f f i c i e n t  defined as 
which i s  appl icable  t o  t h e  flow regions 1 and 2 a Subscripts  n and r r e f e r  
respec t ive ly  t o  t h e  normal and reversed flow por t ions  of t h e  mixed flow region.  
n 
Reversed Flow 
I n  reversed flow t h e  b lade  f ea the r s  about t h e  75-percent chord l i n e ,  
measured from t h e  t r a i l i n g  edge of t h e  blade.  C las s i ca l  aerodynamic theory 
states t h a t  t h e  l i f t  generated a c t s  a t  t h e  loca t ion  of t h e  f ea the r ing  a x i s ,  
which means t h a t  no damping moments occur. As a r e s u l t  of t h i s  t h e  t o r s i o n a l  
motion of t h e  b lade  i s  aerodynamically damped i n  regions 1, 2 and has zero 
damping i n  region 3. 
Since flow region 3 comes i n t o  t h e  p i c t u r e  only i f  p>B, it follows t h a t  
f o r  p<B t h e  fea ther ing  motion i s  always damped. 
experiences azimuth ranges with zero damping. 
However, f o r  p>B t h e  blade 
Al3RODYNAMIC SPRING EFFECT 
It has been assumed t h a t  t h e  e l a s t i c  ax i s  coincides  with t h e  25-percent 
chord l i n e .  Consequently, aerodynamic fea ther ing  moments due t o  t o r s i o n  can 
only occur i n  t h e  reversed flow regions 2 and 3. I n  these  regions a 
t o r s i o n a l  de f l ec t ion  A 0  = $6 r e s u l t s  i n  a l i f t  
r 
2 R3 ca 'p R 6 L r - -   - 2 
and generates  a fea ther ing  moment 
Mf = -KCL r 
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The quant i ty  
denotes a nondimensional aerodynamic spr ing  r a t e  appl icable  t o  t h e  flow 
regions 2 and 3.  A s  t h e  integrand i n  eq ~ 2 6  i s p o s i t i v e ,  t h e  aerodynamic 
fo rces  a c t  as a negative spr ing.  This means a t o r s i o n a l  de f l ec t ion  of t h e  
blade r e s u l t s  i n  a moment which t ends  t o  increase  t h e  de f l ec t ion .  
r 
The problem i s  aggravated by t h e  f a c t  t h a t  a t  t h e  time a blade element 
experiences a negative spr ing e f f e c t ,  t h e  damping i s  zero.  It must t he re fo re  
be expected t h a t  at high advance r a t i o s  and low t o r s i o n a l  f requencies  t h e  
blade t o r s i o n  has a de te r io ra t ing  e f f e c t  on r o t o r  s t a b i l i t y .  
I n  order  t o  i l l u s t r a t e  t h e  per iodic  v a r i a t i o n  of t h e  aerodynamic spr ing  - - 
and damper r a t e s  of blade t o r s i o n ,  t h e  q u a n t i t i e s  K and C6 have been 
p lo t t ed  versus  t h e  aziinuth angle f o r  t h e  
Figures 71 and 72. The ba r  over K and C i nd ica t e s  a t o r s i o n  mode shape 
@ = x has been assumed. 
6 
advance r a t i o s  0.8,  1,6 and 2.4 i n  
6 6 
EXCITATION BY LIFT OF REVERSED FLOW REGION 
A t  advance r a t i o s  g rea t e r  than  zero t h e  r e t r e a t i n g  blade operates  e i t h e r  
p a r t i a l l y  ( reg ion  2)  or completely ( reg ion  3 )  i n  reversed flow. 
produced under these  condi t ions a c t s  approximately a t  t h e  75-percent chord 
l i n e  and exc i t e s  t h e  t o r s i o n a l  degree of freedom. I n  order t o  inves t iga t e  
these  exc i t a t ions ,  t h e  appropr ia te  l i f t  funct ions are derived. 
The l i f t  
L e t  
l i f t  due t o  reversed flow - 
r (') - R3Q2ca1p/2 
be a nondimensional coe f f i c i en t  charac te r iz ing  t h e  l i f t  of t h e  reversed flow 
region. 
write 
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- 1.00 - 4  - 
Figure 71. Aerodynamic Spring Effec t  of Blade Torsion 
Figure 72. Aerodynamic Damping of Blade Torsion 
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It can b e  shown tha t  
For t hese  i n t e g r a l s  t h e  following l i m i t s  apply 
Flow reg ion  2 : x = 0 t o  x =-psin$ 
Flow reg ion  3 : x = 0 t o  x = B 
For flow region 1, a l l  func t ions  a r e  zero.  
EQUATION OF MOTION OF BLADE TORSION 
The equation of  motion i s  derived from Lagrange's energy equation. 
Table 7 l i s t s  t h e  k i n e t i c  energy, t h e  p o t e n t i a l  energy of aerodynamic spr ing  
e f f e c t s ,  t h e  d i s s i p a t i o n  func t ion  and t h e  genera l ized  forces .  The l a t t e r  
encompass a l l  work done by inflow, f lapping  angle ,  f lapping  v e l o c i t y ,  b lade  




ENERGY FUNCTIONS AND GENERALIZED FORCES OF 
BLADE TORSIONAL MOTION 
Component 
Kinetic Energy 
P o t e n t i a l  Energy of 
Aerodynamic Spring Effec ts  
Dissipat ion Function 





I f  fQ denotes t h e  undamped na tu ra l  frequency without considerat ion of t h e  
aerodynamic spr ing  e f f e c t s ,  t h e  equation of motion for blade t o r s i o n  i s  
expressed as; 
where t h e  l as t  term on t h e  r i g h t  s i d e  summarizes t h e  e x c i t a t i o n  by t h e  l i f t  
due t o  inflow, b lade  t w i s t ,  and cyc l i c  and c o l l e c t i v e  p i t c h ,  i a e e 9  
(A311 - - - - - 
ckre= X R , ~  + eo kre + etar, + es cre + O c ' ~ r e  




C ,  is the nondimensional aerodynamic damping of the feathering motion 
excluding torsion. 
A l l  barred quantities refer to the virtual work done by the mode shape 
rjI investigated. They are periodic functions of the azimuth angle and, for 
the simplified case rjI = x, can be taken from Table 8. 
Dividing eq 30 by yIfleads to 
+ 
In this equation F and 
the blade Lock number, 
Q are nondimensional quantities which, similar to 
characterize the blade. They are defined as 
The above eq A32 and the flapping equation of motion, eq (Al5) fully 




FUNCTIONS FOR BLADE TORSION ( 4  = x) CHARACTERISTIC 
Function Region 
2r 
1 4  1 3 2  - ( $ B ~  + +'p2) - FB u sin+ + -B cos 2~1 6 3 
1 4  1 3  5 B  + -B p sin$ 3 I 
'n 
$33 + LB'~  2 sin$ I 
2n 
- c, = /;,max 
1 3  1 2  1 .  1 ?B + FB u sin$ + 11' (- 8 sin$ + x sin 3 4 )  
2r 
4 1  1 u (x sin 2 ~ ,  - 48 sin 4+) 
1 3  TB P cos$ + j!p2p2 sin ZJI 3 
2r 
1 
P4 ( -  & + & cos 2* - - 96 cos 4 4  
3 1 4  1 3  jyB + -B u sin$ 3 
'r u3 (- + sin* + & sin 3*) 
3 - ($? + $B'W sin$) 
2r 
4 1  
u (- + & cos 2* - 1 96 cos 4* 





4 1  1 u (- 3 cos* + & cos 3* - 192 cos 511) 
3 
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TRANSIENT NEGATIVE TORSIONAL SPRING RATES 
The minimum aerodynamic sp r ing  r a t e  f o r  t o r s i o n  occurs a t  I/J = 270' and 
t h e  o v e r a l l  sp r ing  r a t e  of  t h e  equation of motion i s  zero if (eq  ~ 3 2 )  
Since Table 8 l i s t s  two funct ions for R6 a d i s t i n c t i o n  must be  
made between advance r a t i o s  smaller  and l a r g e r  than B. It can e a s i l y  be 
seen t h a t  zero o v e r a l l  sp r ing  r a t e s  a r e  reached i f  t h e  following condi t ions 
a re  f u l f i l l e d :  
(A36) 
5 1  1 
1-1 (x s i n  270' - - s i n  90' + s i n  270') f 2  iaj - =  - QY 32 
- 1 3 2  1 4  1-1'B - -  f 2  - 3 [($ B5 + g B 1 ~ .  ) + B p s i n  270'- j$ B3p2 cos 180'1 (A37) 
QY 
The values  given by eq A36, A37 a r e  presented i n  Figure 73. For a 
t y p i c a l  blade with 
f = 5  
Qy = 80 
f 2 /Qy = 0.31 
it follows t h a t  t r a n s i e n t  negat ive sp r ing  e f f e c t s  f o r  t o r s i o n  show up a t  
advance r a t i o s  p> 1.28. 
becomes dynamically uns tab le  at t h i s  po in t .  
show t h a t  t h e  blade motion i s  s t a b l e  at advance r a t i o s  beyond t h e  onset of a 
t r a n s i e n t  negat ive t o r s i o n a l  spr ing .  
This does not necessa r i ly  mean t h a t  t h e  blade motion 
















PLOTTED STEADY-STATE ROTOR RESPONSE TEST DATA 
A l l  of t h e  r o t o r  moment and L i f t  d a t a  which were obtained during t h e  
wind tunnel  t e s t s  a r e  p l o t t e d  i n  t h i s  appendix. These d a t a  were used t o  
generate t h e  summary de r iva t ive  curves presented i n  t h e  main body of t h e  
repor t  ( e .g .  , Figures 20 ,  21, 22 ,  24 and 2 5 ) .  
by reso lv ing  r o t a t i n g  blade f lapping  moments i n t o  s t a t i o n a r y  coordinates .  
L i f t  w a s  measured by a s i x  component s t r a i n  gage balance which w a s  an 
i n t e g r a l  p a r t  of t h e  model support s t r u t .  
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Figure 74. Rotor P i tch  and R o l l  Response t o  Col lect ive P i tch ,  
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Figure 75. Rotor P i t ch  and Rol l  Response t o  Col lec t ive  P i tch ,  
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Figure 76. Rotor P i tch  and R o l l  Response t o  Col lect ive Pitch', 
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Fl'gure 77. Rotor P i t c h  and Roll  Response t o  Longitudinal Cyclic P i t c h ,  
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Figure 78. Rotor P i t ch  and Rol l  Response t o  Longitudinal Cyclic P i tch ,  
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Figure 79. Rotor Pitch Response to Longitudinal Cyclic Pitch, 
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Figure 80. Rotor Rol l  Response t o  L0ngitudina.l Cyclic P i tch ,  
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Figure 81. Rotor P i tch  and R o l l  Response t o  La te ra l  Cyclic Pi tch,  













Figure 82. Rotor P i t ch  and Roll  Response t o  Lateral Cyclic P i tch ,  
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Figure 83. Rotor P i t ch  Response to Late ra l  Cyclic P i tch ,  
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Figure 84. Rotor Ro l l  Response t o  L a t e r a l  Cycl ic  Pi tch,  











Figure 85. Rotor P i tch  and Rol l  Response t o  a Rotor Shaft  Angle of Attack 
Increment, Configuration 1, 300RPM (3/=5.O, P=2.32) 
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Figure 86. Rotor P i tch  and Ro l l  Response t o  a Rotor Shaft  Angle of Attack 
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Figure 87. Rotor P i t c h  and R o l l  Response t o  a Rotor Shaft Angle of Attack 
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Figure 88. Rotor L i f t  versus Col lec t ive  Pi tch,  
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Figure 89. Rotor L i f t  versus Col lec t ive  P i tch ,  Configuration 1, 
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Figure 90 ,  Rotor L i f t  versus Collect ive Pi tch,  Configuration 1, 
800 RPM ( ~ = 5 . 0 ,  P=1.33) 
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Figure 91. Rotor L i f t  versus Longitudinal Cyclic P i tch ,  
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Figure 92 .  Rotor L i f t  versus Longitudinal Cyclic Pi tch,  
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Figure 93. Rotor L i f t  versus Rotor Shaft  Angle of Attack, 
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Figure 94. Rotor L i f t  versus Rotor Shaft  Angle of Attack, 
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Figure 95. Rotor Pi tch  and Rol l  Response t o  Col lect ive P i tch ,  
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Figure 96, Rotor P i t c h  and R o l l  Response t o  Longitudinal Cyclic P i t ch ,  
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Figure 97. Rotor P i t ch  and Roll  Response t o  La te ra l  Cyclic P i t ch ,  
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Figure 98. Rotor L i f t  versus  Col lec t ive  P i tch ,  Configuration 2, 
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Figure 99. Rotor L i f t  versus Collect ive Pi tch,  Configuration 2, 
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Figure 100. Rotor L i f t  versus Longitudinal Cyclic P i tch ,  
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Figure 101. Rotor L i f t  versus  Longitudinal Cyclic P i tch ,  
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Figure 102. Rotor L i f t  versus  Rotor Shaft  Angle of Attack, 
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Figure 103. Rotor P i tch  and R o l l  Response t o  Col lect ive Pi tch,  
Configuration 3, 400 RPN (y=5.09 P=2.32) 
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Figure 104, Rotor Pi tch and R o l l  Response t o  Col lect ive P i tch ,  
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Figure 105. Rotor Pitch a?d R o l l  Response t o  Collective Pitch, 
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F3gure 106. Rotor P i t c h  and Ro l l  Response t o  Longitudinal Cyclic P i t ch ,  
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Figure 107. Rotor Pitch Response to Longitudinal Cyclic Pitch, 
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Figure 108. Rotor Roll Response t o  Longitudinal Cyclic Pitch, 
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Figure 109. Rotor P i tch  Response t o  Longitudinal Cyclic Pi tch,  
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Figure 110. Rotor Rol l  Response t o  Longitudinal Cyclic P i tch ,  
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Figure 111. Rotor P i t c h  and Ro l l  Response t o  Lateral Cyclic P i t ch ,  
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Figure 112. Rotor P i t c h  and Roll  Response to Lateral Cyclic P i t ch ,  
Configuration 3, 650 RPM (y=5.0,  P=1.73) 
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Figure 113. Rotor P i tch  Response t o  La te ra l  Cyclic P i tch ,  
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Figure 114. Rotor Rol l  Response t o  Lateral Cyclic Pi tch,  















Figure 115. Rotor P i t ch  and Ro l l  Response t o  a Rotor Shaft  Angle 
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Figure 116, Rotor P i t c h  and R o l l  Response t o  a Rotor Shaft  Angle 
of Attack Increment, Configuration 3, 650 RPM 
(Y=5 0 P=l  73) 
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Figure 117. Rotor P i t ch  and Rol l  Response t o  a Rotor Shaft  Angle 
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Figure 118. Rotor L i f t  versus Col lec t ive  Pi tch,  Configuration 3, 
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Figure 119. Rotor Lift versus Collective Pitch, Configuration 3, 
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Figure 120, Rotor L i f t  versus Longitudinal Cyclic P i tch ,  












-4 -2 0 
DEG A% 
Figure 121e Rotor L i f t  versus Longitudinal Cyclic P i tch ,  
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Figure 122. Rotor L i f t  versus Rotor Shaft  Angle of Attack, 
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Figure 123. Rotor L i f t  versus Rotor Shaft  Angle of Attack, 
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Figure 124. Rotor Pitch and Roll Response to Collective Pitch, 
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Figure 125. Rotor P i tch  and Ro l l  Response t o  Col lect ive Pi tch,  
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Figure 126. Rotor Pitch Besponse to Longitudinal Cyclic Pitch, 
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Figure 127. Rotor Rol l  Response t o  Longitudinal Cyclic Pi tch,  











Figure 128. Rotor Roll Response t o  Longitudinal Cyclic Pitch, 
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Figure 129. Rotor Rol l  Response t o  Longitudinal Cyclic Pi tch,  
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Figure 130. Rotor P i t c h  and Roll  Response t o  Lateral Cyclic P i t ch ,  
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Figure 131e Rotor P i tch  Response t o  Lateral Cyclic P i tch ,  








0 p = 0.32 
0 p cz 0.43 0 
1 .oo 
-4 -2 0 2 4 
ec- DEG 
Figure 132. Rotor Rol l  Response t o  La te ra l  Cyclic Pi tch,  
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Figure 133. Rotor P i tc l  and Rol l  Response t o  a Rotor Shaft  Angle 03 Attack 
Increment, :onfiguration 4, 600 RPM (y=3.09 P=1.51) 
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Figure 134. Rotor P i tch  and R o l l  Response t o  a Rotor Shaft  Angle of Attack 
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Figure 135 e Rotor L i f t  versus Collect ive Pi tch,  Configuration 4, 
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Figure 136~ Rotor L i f t  versus Collect ive Pi tch,  Configuration 4, 









Figure 137. Rotor L i f t  versus Longitudinal. Cyclic P i tch ,  










0 2 4 -4 -2 
A e S  -DEG 
Figure 138. Rotor L i f t  versus Longitudinal Cyclic P i t ch ,  
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Figure 139. Rotor L i f t  versus Rotor Shaft  Angle of Attack, 




PLOTTED STEADY ROTATING BLADE MOMENT TEST DATA 
The constant  component of the  r o t a t i n g  f lapping moment of a s i n g l e  blade 
w a s  determined numerically from a Fourier  ana lys i s  of d i g i t i z e d  analog da ta .  
These s teady blade moments for a l l  t h e  t e s t  condi t ions a r e  p l o t t e d  here in .  
They a r e  used t o  form summary de r iva t ive  p lo t s . ( e .g . ,  Figure 26)  i n  Sect ion 6 
and a re  f u r t h e r  reduced t o  y i e l d  blade coning de r iva t ives  i n  Sect ion 7.  
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Figure 140. Steady Rotating Blade Flapping Response t o  C o l l e c t i h  Pitch,  
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Figure 141. Steady Rotating Blade Flapping Response t o  Rotor Shaft  
Angle of Attack, Configuration 1 (-y=5.0) 
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Figure 142. Steady Rotat ing Blade Flapping Response t o  Longitudinal 
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Figure 143. Stea% Rotat ing Blade Flapping Response t o  Col lec t ive  P i tch ,  
Configuration 2 (y=3.0) 
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Figure 144. Steady Rotating Blade Flapping Response t o  Rotor Shaft  
Angle of Attaqk, Configuration 2 (y=3.O) 
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Figure 145 ., Steady Rotating Blade Flapping Response t o  Longitudinal 
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Figure 146. Steady Rotating Blade Flapping Response t o  Col lect ive Pi tch,  















0 - 1  -2 
A a- DEG 
Figure 147. Steady Rotat ing Blade Flapping Response t o  Rotor Shaft  













-4 -2 0 
As, - DEG 2 4 
Figure 148. Steady Rotating Blade Flapping Response t o  L o n g i t u h a l  
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Figure 149. Steady Rotat ing Blade Flapping Response t o  Col lect ive P i tch ,  
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Figure 150. Steady Rotating Blade Flapping Response t o  Rotor Shaf t  
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Figure 151. Steady Rotating Blade Flapping Response to Longitudinal 
Cyclic Pitch, Configuration 4 ('y=3.0) 
